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ABSTRACT 
RATIONAL SYNTHESIS AND CHARACTERIZATION OF TETRAVALENT 
CERIUM COORDINATION COMPOUNDS 
Ursula J. Williams 
Professor Eric J. Schelter 
 
In order to expand the synthetic chemistry of molecular cerium(IV) complexes, 
we explored chemical oxidation of cerium(III) starting materials and we functionalized 
cerium(IV) precursors using protonolysis, metathesis, and silyl halide exchange reactions. 
Using these synthetic strategies, we isolated two families of cerium(IV) coordination 
compounds and compared the spectroscopic and electrochemical consequences of 
varying ligand coordination to the cerium(IV) cation. Despite the highly ionic nature of 
the metal ligand bonds, we found that properties of these cerium(IV) complexes were 
sensitive to the local coordination environment. We also explored the properties of 
lanthanide complexes in macrocyclic tetraazaannulene ligand environments and 
demonstrated that the secondary coordination sphere could be used to control the 
properties of these complexes. In this way, we demonstrated a redox induced single 
crystal to single crystal transformation, hydrogen atom transfer upon oxidation of a 
cerium(III) compound, and slow paramagnetic relaxation in late lanthanide double-decker 
complexes. 
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Chapter 1: 
Background, motivations, and objectives 
 
1.1 Motivations for studying the molecular chemistry of cerium(IV) 
The rare earth elements exist most prevalently in their trivalent oxidation states, 
though they also have accessible divalent, and for some of the metals, tetravalent 
oxidation states. The tetravalent chemistry of rare earth materials is limited to cerium, 
praseodymium, neodymium, terbium, and dysprosium.
1
 In molecular chemistry, the 
tetravalent oxidation state has been accessed only for complexes of cerium.
2
 
Practically, molecular cerium compounds find application across a variety of 
fields. The chemical reactivity of inorganic cerium(IV) salts have been well-explored; 
most notably (NH4)2Ce(NO3)6 (cerium ammonium nitrate, CAN) is widely used as an 
oxidant in synthetic organic chemistry.
3
 More recently, control of the redox chemistry of 
cerium(III/IV) compounds has been studied to develop cerium(III) species as 
synthetically useful reductants and to mimic the reactivity of redox switchable cerium-
containing materials on a molecular scale.
4,5
 Other research initiatives that involve 
molecular cerium(IV) compounds include applications as non-radioactive actinide 
surrogates, as precursors in the materials processing of CeO2, and in rare earths 
separations chemistry.
6-8
 
 Due to the core-like nature of the valence 4f atomic orbitals, lanthanide-ligand 
bonding is predominantly ionic.
9
 This characteristic has led to a general supposition that 
2 
 
the identity and characteristics of the ligand field about a lanthanide ion do not dictate the 
properties of the metal ion. Finding many reports in literature that show that the chemical 
reactivity and physical properties of cerium(IV) compounds are variable according to 
their ligand environments, we set out to study the molecular chemistry of high valent 
cerium.  
1.2 Chemical accessibility of cerium(IV) in nonaqueous conditions 
Under nonaqueous conditions, many types of ligands have been used to support 
cerium(IV) molecular complexes including anionic oxygen donors (alkoxides, aryloxides, 
acetylacetonate, salen),
5,10-12
 anionic nitrogen donors including amides and macrocyclic 
ligands (phthalocyanines, porphyrins, and tetraazaannulenes),
13-16
 and organic ligands 
(cyclopentadiene and cyclooctatetraene).
17-19
 The most common synthetic routes to 
cerium(IV) compounds involve chemical oxidation of cerium(III) starting materials, 
though metathesis and protonolysis reactions of cerium(IV) starting materials have also 
been reported. 
Oxidants that interact with cerium(III) complexes via inner-sphere mechanisms 
have resulted in isolation of functionalized cerium(IV) compounds. Molecular 
cerium(IV) chloride, bromide, and iodide complexes have been isolated by this pathway. 
Early reports of halide functionalization of cerium include two amide-based ancillary 
ligands: bis(trimethylsilyl)amide and a silane substituted tripodal triamidoamine 
(NN'3).
13,20,21
 Interestingly, despite the common silylamide coordination of these starting 
materials, their reactivity with halogens was very different. Reaction of Ce(NN'3) with 
Br2 or Cl2 resulted in isolation of the mixed valent dimers, [Ce(NN'3)]2(μ-X) (X = Cl, Br), 
and reaction of Ce(NN'3) with I2 resulted in complete oxidation to CeI(NN'3).
21
 In 
3 
 
contrast, Ce[N(SiMe3)2]3 was reported to be unreactive in the presence of Cl2, Br2, or I2.
13
 
However, CeCl[N(SiMe3)2]3 and CeBr[N(SiMe3)2]3 have been isolated by oxidation with 
TeCl4, PhICl2, Ph3CCl, and Ph3PBr2.
13,17,20,22
 Cerium(III) complexes have been shown to 
undergo inner-sphere oxidation with chloride-containing oxidants in a variety of ancillary 
ligand environments, some of which are shown in Figure 1.2.1.
17,23
 In contrast, very few 
cerium(IV) bromide and iodide compounds have been reported. In addition to CeI(NN'3) 
and CeBr[N(SiMe3)2]3,
13,21
 cerium(IV) bromide and iodide complexes have been isolated 
in the aryloxide S-binolate framework.
24
 These compounds were isolated by oxidation of 
the heterobimetallic cerium(III) complex [Li3(DMEDA)3][Ce(BINOLate)3]  with Ph3CCl, 
Ph3CBr, N-halosuccinimides, and I2 to give products of the form 
[Li3(DMEDA)3][CeX(BINOLate)3] (X = Cl
–
, Br
–
, I
–
; DMEDA = N,N'-
dimethylethylenediamine; BINOLate = S-binolate).
24,25
     
 
Figure 1.2.1. Synthesis of cerium(IV) chloride complexes in a variety of ancillary ligand 
frameworks by inner-sphere oxidation using PhICl2. Adapted with permission from 
Journal of the American Chemical Society 2010, 132, 14046-14047. Copyright 2010, 
American Chemical Society. 
4 
 
Synthesis of cerium(IV) complexes through inner-sphere oxidative 
functionalization has also been accomplished using non-halide containing oxidants. 
Oxidation of [Li3(DMEDA)3][Ce(BINOLate)3], Ce(OC
t
Bu3)3, or Ce[N(SiMe3)2]3 with 
benzoquinone resulted in the cerium(IV) complexes, [Ce]2(μ-O2C6H4) ([Ce] = 
[Li3(DMEDA)3][Ce(BINOLate)3], Ce(OC
t
Bu3)3, or Ce[N(SiMe3)2]3).
26-28
 Very recently, 
nitroxide radicals have been used as oxidants to generate homoleptic pyridylnitroxide, 
hydroxamate, and hydroxylaminato cerium(IV) compounds.
4,8,29
 
Formally cerium(IV) coordination complexes of heterocyclic ligands including 
cyclooctatetraenide (cot), phthalocyanines, and porphyrins have been synthesized by 
outer-sphere oxidation reactions. Reaction of M[Ce(cot)2] (M = Li, K) with AgI, FcPF6 
(Fc = ferrocenium), or benzoquinone resulted in conversion to cerocene, Ce(cot)2, with 
loss of an equivalent of MX (X = I
–
, O2C6H4
–
, or PF6
–
).
18,19
 The synthesis of cerium(IV) 
double-decker complexes of phthalocyanines and porphyrins is reported primarily from 
condensation of the ligands to the metal center using a cerium(III) precursor in the 
presence of ambient atmosphere.
15
 However, the isolated cerium(IV) double-decker 
compound has also been observed following oxidation of a trivalent 2:1 starting 
material.
30
 Due to the redox activity of these conjugated ligands, some of the cerium(IV)-
containing 2:1 complexes of cot, phthalocyanine, and porphyrin ligands have been shown 
to exhibit valence ambiguity.
15,18,31
 
  Several homoleptic cerium(IV) coordination compounds have been synthesized 
by ligand redistribution following oxidation of a related cerium(III) starting material. 
These include Ce(acac)4, which is a product of oxidation by O2 when Ce(acac)3(H2O)2 is 
stirred under ambient atmosphere in the presence of 1 equiv acetylacetone.
12
 Both of the 
5 
 
reported homoleptic cerium(IV) amide complexes, Ce(NCy2)4 and Ce[N(SiHMe2)2]4, can 
be isolated from oxidation of their tris(amide) precursors, Ce(NCy2)3(THF) or 
Ce[N(SiHMe2)2]3(THF)2, upon reaction with dry O2 or Ph3CCl, respectively.
14,32
  
An alternate means of accessing cerium(IV) coordination compounds is through 
functionalization of a tetravalent starting material. Metathesis reactions have been 
reported using alkoxide, nitrate, or mixed alkoxide/nitrate starting materials such as 
Ce(
i
OPr)4, Ce(O
t
Bu)2(NO3)2, Ce(O
t
Bu)(NO3)3, and (NH4)2Ce(NO3)6.
7,11,33-35
 The 
anhydrous cerium(IV) salt [NEt4][CeCl6] was reacted with anionic imidodiphosphinates 
to give dimeric cerium(IV) complexes with elimination of potassium chloride.
36
 A 
recently reported reaction describes pre-organization and oxidation to isolate a 
cerium(IV) chloride complex in a heterobimetallic framework followed by metathesis to 
isolate cerium(IV) naphthoxide, azide, and thioisocyanate compounds.
24
 The only 
reported cationic cerium(IV) coordination complex was isolated by metathesis of a 
cerium(IV) chloride with NaBPh4 in a Schiff-base ligand environment.
35
 Limitations of 
metathesis reactions in cerium(IV) chemistry have included –ate complex formation and 
metal reduction.
11,33
 
In a few examples, protonolysis of cerium(IV) isopropoxide starting materials has 
been achieved using substrates including acetylacetone, hexafluoroisopropanol, or 
triphenylsilanol to isolate predictable cerium(IV)-containing products.
37-40
 Considering 
these reactions, protonolysis appears to be an underexplored route in synthetic 
cerium(IV) chemistry. 
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1.3 Properties of cerium(IV) coordination compounds 
  A growing body of work has demonstrated that the cerium(III/IV) redox 
couple is highly dependent on its ligand environment. This field has been recently 
reviewed by Piro and co-workers.
41
 Reported cerium(III/IV) redox couples span an 
electrochemical range of greater than 3 V, from aqueous acidic conditions (+1.63 
V vs SCE; Ce(ClO4)3 in 8 M HClO4) to nonaqueous conditions in a 
pyridylnitroxide ligand field (–1.49 V vs SCE; Ce(2-tBuNO-py)4 in 
dichloromethane).
4,42
 Table 1.3.2 shows reduction potentials of selected cerium 
compounds pertinent to this work, as well as the reduction potential of several 
compounds reported since the above mentioned review was published.    
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Table 1.3.1. Reported reduction potentials of cerium(IV) coordination compounds. 
Compound Solvent 
Potential (V) 
vs SCE 
Reference 
Ce(ClO4)3  8 M HClO4 +1.63 42 
CeCl[N(SiMe3)2]3 THF +0.26 25 
[Li(THF)2][Ce(MBP)2(THF)2]  THF −0.37 5 
[Li3(THF)5][CeCl(BINOLate)3] THF −0.33 24 
[Li3(DMEDA)3][CeCl(BINOLate)3]∙C5H12 THF −0.36 24 
[Li3(DMEDA)3][CeBr(BINOLate)3] THF −0.34 24 
[Li3(DMEDA)3][CeI(BINOLate)3] THF −0.39 24 
[Li3(THF)5][Ce(NCS)(BINOLate)3] THF −0.32 24 
[Li3(DME)3][Ce(OAr)(BINOLate)3]·2DME THF −0.53 24 
[Li3(THF)5][Ce(N3)(BINOLate)3] THF −0.44 24 
Ce(Pc-5)2 DCM −0.18 31 
Ce(OEP)2 DCM −0.58 43 
Ce[
t
BuC(O)N(O)Ph]4 DCM 
Epc = −1.20 
Epa = −0.48 
8 
Ce[η2-ON(tBu)(2-OMe-5-tBu-C6H3)]4 MeCN −1.33 29 
Ce(L
5
)(O
t
Bu)2 THF 
Epc = −1.83 
Epa = −1.14 
44 
Ce[2-(
t
BuNO)-py]4 DCM −1.49 4 
MBP = 6-tert-butyl-4-methylphenolate; BINOLate = S-binolate; DMEDA = N,N'-
dimethylethylenediamine; DME = dimethoxyethane; Pc-5 = 
phthalocyanine(OC8H17)8; OEP = octaethylporphyrin; L
5
 = 1,10-di(2-
t
Bu-6-
(PPh2N)-C6H3O)ferrocene. 
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  A second physical characteristic of cerium(IV) coordination compounds is the 
intense ligand-to-metal charge transfer (LMCT) transition from the ligand orbitals to the 
vacant 4f metal orbitals.
45-48
 These transitions are observed in the UV and visible portions 
of the electronic absorption spectrum and often lead to observations of intensely colored 
cerium(IV) compounds.
4,5,8,24,25,27,29,45-47
 A compilation of literature on the subject 
revealed that the energies of these LMCT bands are highly variable among cerium(IV) 
coordination compounds. Table 1.3.1 shows the energies of LMCT transitions observed 
in reported cerium(IV) compounds. These transitions have been characterized for 
cerium(IV) complexes with aryloxide,
5,24,25,27
 nitroxide,
4,8,29
 acetylacetonate,
46
 and NCN 
pincer ligand environments.
47
 These charge transfer transitions are clearly variable 
according to the environment of the cerium ion, spanning a range of 9400 cm
-1
. 
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Table 1.3.2. Reported LMCT energies of cerium(IV) coordination compounds. 
Compound 
1/λmax 
(× 10
4
 cm
-1
) 
Reference 
Ce(MBP)2(THF)2 1.91 5 
Ce[2-(
t
BuNO)-py]4 1.91 4 
{[Li3(Et2O)3.5][Ce(BINOLate)3]}2(μ-O2C6H4)∙Et2O 2.08 27 
[Li3(THF)5][CeCl(BINOLate)3] 2.05 25 
[Li3(DMEDA)3][CeCl(BINOLate)3]∙C5H12 2.05 24 
[Li3(DMEDA)3][CeBr(BINOLate)3] 2.05 24 
[Li3(DMEDA)3][CeI(BINOLate)3] 2.05 24 
[Li3(THF)5][Ce(NCS)(BINOLate)3] 2.04 24 
[Li3(DME)3][Ce(OAr)(BINOLate)3]·2DME 2.07 24 
[Li3(THF)5][Ce(N3)(BINOLate)3] 2.21 24 
[Na2(THF)5(BINOL)][Ce(BINOLate)3] 2.20 25 
[Na2(THF)2][Ce(BINOLate)3] 2.22 25 
[K2(THF)][Ce(BINOLate)3] 2.25 25 
[K2(18-Crown-6)][Ce(BINOLate)3] 2.25 25 
{[K2(THF)4(BINOL)][Ce(BINOLate)3]}∞ 2.30 24 
{[Cs2][Ce(BINOLate)3]}∞·DME 2.30 24 
[Ce(BIPM
TMS
)(ODipp)2] 2.30, 1.85 47 
Ce[
t
BuC(O)N(O)Ph]4 2.36 8 
Ce(tmhd)4 2.69 46 
Ce[η2-ON(tBu)(2-OMe-5-tBu-C6H3)]4 2.79 29 
MBP = 6-tert-butyl-4-methylphenolate; BINOLate = S-binolate; DMEDA = N,N'-
dimethylethylenediamine; DME = dimethoxyethane; BIPM
TMS
 = {C[PPh2N(TMS)]2}
2–
; 
tmhd = 2,2,6,6-tetramethyl-3,5-heptanedionato. 
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1.4 Rare earth chemistry of tetraazaannulene ligands 
 In order to pursue the implications of metal ligand interactions beyond the 
primary coordination sphere, we undertook investigation of lanthanide complexes in the 
tetraazaannulene ligand environment. Considering the dianionic nature of this 
tetradentate ligand and the prevalent trivalent oxidation state of lanthanide metal ions, we 
reasoned that bis(ligand) complexes would saturate the coordination sphere of the 
lanthanide metal and that the cationic equivalent needed for charge balance could be used 
to alter the properties of lanthanide coordination compounds.  
Metal complexes of the tetraazannulene ligand have been well explored in 
transition metal chemistry, but few have been reported in lanthanide chemistry. In 
transition metal chemistry, the nonaromatic tetramethyltetraazannulene (tmtaa
2–
) ligand 
has been used as a surrogate for the related, aromatic phthalocyanine (Pc
2–
) and porphyrin 
ligands. Complexes of the tmtaa
2–
 ligand typically show increased solubility while 
retaining key structural and chemical characteristics to phthalocyanines and porphyrins.
49
 
Reported trivalent lanthanide sandwich complexes of tmtaa
2–
 show similar Ln–N bond 
lengths to their Pc
2–
 analogs.
50
 In terms of lanthanide ion ligand fields, the primary 
differences between Pc
2–
 and tmtaa
2–
 are the ~0.1 Å smaller hole size for tmtaa
2–
, the 
localization of negative charge within the diiminato fragment, and the overall ligand 
symmetry.
51
 The highest order rotation axis of the tmtaa
2–
 ligand is C2, compared to the 
C4 axis present in the Pc
2–
 ligand. 
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Figure 1.4.1.  Phthalocyanine (left) and tetramethyltetraazaannulene (right). 
 
Several trivalent rare earth metal coordination complexes of the tmtaa
2–
 ligand 
have been isolated. These include complexes of the formula Ln(Htmtaa)(tmtaa) (Ln = Y, 
Ce, Pr, Nd, Sm, Gd, Tb, Er, Yb),
16,50,52
 [Li(THF)][Ce(tmtaa)2]∙THF,
53
 and the triple-
decker complex, Ce2(tmtaa)3.
16
 Characterization of these complexes included X-ray 
crystallography and spectroscopy. 
 
 
Figure 1.4.2. The molecular structure of Yb(Htmtaa)(tmtaa). Reprinted with permission 
from Journal of the Chemical Society, Dalton Transactions 1999, 1695. Copyright 1999, 
Royal Society of Chemistry. 
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 Properties of coordination complexes of lanthanide ions in phthalocyanine and 
porphyrin ligands have been reported. Electrochemical characterization of cerium 
complexes in phthalocyanine and porphyrin frameworks shows that they are mild 
reductants.
41
 The cerium(III) complexes in the tetrazaannulene ligand have been shown to 
readily oxidize in the presence of mild oxidants including O2, benzoquinone, and 
FcPF6.
16
 We were interested in further exploring chemical and electrochemical oxidation 
and reduction of cerium in the dianionic tetradentate environment of the tmtaa
2–
 ligand. 
 An interesting property of late lanthanide complexes of the phthalocyanine ligand 
is their demonstrated barriers to slow paramagnetic relaxation at low temperatures.
54,55
 
Terbium(III) and dysprosium(III) complexes of phthalocyanine ligands were the first 
reported mononuclear coordination complexes to show this effect.
54
 Since these early 
reports other terbium(III) and dysprosium(III) complexes of substituted phthalocyanines 
have been reported to show this behavior, as well as mononuclear terbium(III) and 
dysprosium(III) complexes in other ligand fields.
56
 In a few cases, holmium(III) and 
ytterbium(III) complexes have been reported to show SIM behavior,
57-60
 and a single 
example of a cerium(III) complex exhibiting slow paramagnetic relaxation was recently 
published.
61
 A recent review by Layfield and co-workers discussed the research reported 
through the end of 2012 in the characterization of the energetic barriers to paramagnetic 
relaxation for mononuclear lanthanide complexes across a wide variety of ligand 
environments.
56
 The reader is referred to this review for a comprehensive list of the 
ligand fields that were shown to support single ion magnet (SIM) behavior prior to 2013. 
Table 1.4.1 includes a compilation of the mononuclear lanthanide SIMs that have been 
reported since this review article was published.  
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Table 1.4.1. Lanthanide SIMs reported since 2012. (a) Ueff values were measured under 
zero applied field except where parenthetically indicated. 
Compound Ueff (HDC/ Oe)
a 
Reference 
F64Pc2Tb  365 62 
Tb(Bc
Me
)3 44.8 (1500) 63 
11% Tb(Bc
Me
)3 45.2 (1500) 63 
[Dy(hfac)3(pz)2] 19.7 64 
[Dy(L)(LOEt)] 51.2 (900) 65 
Dy(NHPh
i
Pr2)3(THF)2 23.6 66 
[Dy(hfac)3(bpy)] 26.7  67 
Dy(Bc
Me
)3 32.8 (1500) 63 
12% Dy(Bc
Me
)3 33.6 (1500) 63 
[Dy(paaH*)2(H2O)4][Cl]3∙2H2O 124 68 
Me4N[Dy
III
(HL)4]·2CH3CN 65.1 69 
Dy(hfac)3(depma)(H2O)] 9.3 (1000) 70 
Er[N(SiMe3)2]3 85 66 
Na[ErDOTA(H2O)]·4H2O 34.1 58 
[K(18-c-6)][Er(COT)2]·2THF 147 71 
Na[YbDOTA(H2O)]·4H2O 24.3 58 
[Yb(Murex)3]·11H2O  11 57 
[Ce
III(COT″)2]−  20.9 61 
Bc
Me
 = dihydrobis(methylimidazolyl)borate; hfac = hexafluoroacetylacetonate; pz = 
pyrazole; L = 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-dihydroxy-26,28-
dimethoxycalix[4]arene) LOEt = (η5-cyclopentadienyl)tris-(diethylphosphito-
p)cobaltate(III); paah* = N-(2-pyridyl)-ketoacetamide; HL = N-(2,6-
dimethylphenyl)oxamic acid; depma = 9-diethylphosphonomethyl anthracene; DOTA = 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; COT = η8-cyclooctatetraenide; 
Murex = 2,6-dioxo-5-[(2,4,6-trioxo-5-hexahydropyrimidinylidene)amino]-3H-pyrimidin-
4-olate; COT″ = 1,4-bis(trimethylsilyl)cyclooctatetraenide. 
 
 The identity of the ligand environment is crucial to the observation of slow 
paramagnetic relaxation for a mononuclear lanthanide coordination compound. The 
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relationship between the symmetry of the ligand field and the identity of the lanthanide 
ion was recently described by Rinehart and Long.
72
 Due to the significant perturbation of 
spin orbit coupling on the electronic structure of lanthanide ions, the 4f electron density  
of the lanthanide ion adopts an anisotropic shape. As shown in Figure 1.4.3, the electron 
distribution of the unpaired electron density of trivalent late lanthanide ions ranges from 
oblate to prolate as the series is traversed, according to the ground state filling of the 4f 
orbitals. Terbium(III) (4f
8
) is the most oblate ion in the late lanthanide series, and ions 
become more prolate moving across the series to ytterbium(III) (4f
13
), the most prolate of 
the series. Gadolinium(III) (4f
7
) and lutetium(III) (4f
14
) are isotropic and therefore 
spherical.  
 
Figure 1.4.3. Distribution of 4f electron density for the late lanthanide(III) ions. 
Reprinted with permission from Chemical Science 2011, 2, 2078. Copyright 2011, Royal 
Society of Chemistry. 
 
 With these ion shapes in mind, the effect of the ligand field on magnetic 
relaxation can be considered. In order to minimize electron repulsion between the 
anisotropic metal electron cloud and the ligand electron density, prolate and oblate ions 
have different low energy preferences for ligand coordination.
72
 A ligand field that is 
localized above and below the electron density of a prolate ion achieves the least electron 
repulsion whereas a ligand field that places electron density equatorially about an oblate 
ion is preferred. This same argument can be considered for the high energy state 
encountered when the spin orientation is reversed; orientations that minimize ground 
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state energy also maximize electron repulsion in higher energy states, leading to high 
energy activation barriers (Ueff) . This concept is represented graphically in Figure 1.4.4. 
This principle has been recently explored and has led to several recent reports of 
erbium(III) SIMs in equatorial ligand fields.
66,71,73,74
 
 
Figure 1.4.4. Representation of the interaction between the 4f electron density (blue) and 
the the ligand field (yellow) for oblate (left) and prolate (right) ions as a function of 
energy. The green arrow represents the orientation of the magnetic vector. Reprinted with 
permission from Chemical Science 2011, 2, 2078. Copyright 2011, Royal Society of 
Chemistry. 
 
 While the magnetic behavior of late lanthanide phthalocyanine complexes is well 
explored, the tmtaa
2–
 complexes of these metals have not been magnetically 
characterized. We set out to systematically decrease the symmetry of late lanthanide 
complexes from the D4d symmetry of the Pc
2–
 complexes to the C2 rotational symmetry of 
tmtaa
2–
 complexes in order to characterize the effect of reduced symmetry on the barrier 
to slow paramagnetic relaxation.  
 
1.5 Experimental objectives 
Our first research goal included synthesis and characterization of families of 
cerium(IV) coordination compounds. We considered the rational synthesis of cerium(IV) 
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compounds by oxidation of cerium(III) precursors and by establishing cerium(IV) 
starting materials that could be further functionalized to obtain cerium(IV) products. 
Upon isolation of cerium(IV) coordination compounds, we characterized the variability 
of their reduction potentials and charge transfer transitions. By exploring these properties 
in families of related compounds, we sought to understand how these properties could be 
rationally tuned in order to establish expectations of the properties of cerium(IV) 
compounds. 
Secondly, we considered the impact of the secondary coordination environment 
on the properties of rare earth complexes in the bis(tetraazaannulene) ligand framework. 
Considering the reported ease of oxidation of cerium(III) to cerium(IV) in the 
tetramethyltetraazaannulene framework,
16
 we explored the mechanisms of this oxidation 
using the octamethyltetraazannulene ligand to increase solubility and crystallinity. We 
also considered the magnetic properties of late lanthanide complexes of the 
tetramethyltetraazannulene
 
ligand, hypothesizing that the decreased rotational symmetry 
of tetramethyltetraazannulene
 
compared to phthalocyanine would lead to a reduced 
energetic barrier to thermally activated slow paramagnetic relaxation. 
 
1.6 Outline of this dissertation 
Chapter 2 includes the rational isolation of a homoleptic cerium(IV) silylamide 
complex that was used in protonolysis reactions to isolate monomeric cerium(IV) 
alkoxide and aryloxide complexes. Spectroscopic and electrochemical characterization of 
these cerium(IV) compounds were used to evaluate the differences in energies of LMCT 
transitions and reduction potentials in compounds that contained four monodentate 
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monoanionic ligands in their coordination sphere. Computational bonding analysis was 
used to complement the physical characterization of the complexes. 
Chapter 3 reports the synthesis of the first molecular cerium(IV) fluoride, isolated 
in the bis(trimethylsilyl)amide ligand framework. Using silicon-fluorine bond formation 
as a driving force, the cerium(IV) fluoride complex was used as a precursor to isolate the 
chloride, bromide, iodide, and azide congeners of the compound. A metathesis reaction 
was successful in accessing the isothiocyanate analog of the series. Spectroscopy, 
electrochemistry, and computational results were used to describe the consequences of 
halide and pseudohalide coordination to the cerium(IV) ion in a concerted ancillary 
ligand environment. 
Chapter 4 extends the chemistry of the previously reported cerium(III) and 
cerium(IV) compounds in the tetramethyltetraazaannulene (tmtaa
2–
) ligand framework by 
exploring  solid state and solution phase redox reactions of cerium compounds using the 
related octamethyltetraazaannulene (omtaa
2–
) ligand. 
Chapter 5 moves beyond the coordination chemistry of cerium to explore new 
compounds of terbium(III), dysprosium(III), holmium(III), and erbium(III) in the tmtaa
2–
 
ligand framework. The geometry of these complexes was modulated by controlling the 
coordination of the alkali metal cation in the crystal lattice. Dynamic magnetization 
studies were used to evaluate the barriers to slow paramagnetic relaxation that were 
operative in these compounds. 
Chapter 6 includes a discussion of the major conclusions reached through the 
experimental work presented in the body of this dissertation and presents directions for 
further research. 
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Chapter 2:  
Crystal field modulation of electronic transitions and 
reduction potentials of cerium(IV) complexes 
 
2.1 Introduction 
  Recent research efforts in the molecular chemistry of cerium have sought to 
understand and control the redox behavior of the element and to stabilize its tetravalent 
oxidation state.
1-10
 Synthetic strategies that have been employed to access homoleptic 
cerium(IV) coordination compounds include oxidation of a related cerium(III) starting 
material, often involving ligand reorganization,
4,11-13
 and metathesis reactions using 
alkoxide, nitrate, or mixed alkoxide/nitrate starting materials.
14-17
 In a few examples, 
protonolysis of cerium(IV) alkoxide starting materials was used to isolate cerium(IV) 
containing products.
18,19
 
  The homoleptic cerium(IV) silylamide compound Ce[N(SiHMe2)2]4 was recently 
reported from oxidation of Ce[N(SiMe2)2]3(THF)2 or Li(THF)[Ce(N(SiHMe2)2)4].
13,20
 
Trivalent rare earth complexes of the bis(dimethylsilyl)amide ligand have been shown to 
readily undergo protonolysis reactions with alcohols and phenols.
21-27
 In one reported 
example, Ce[N(SiHMe)2]4 was shown to undergo protonolysis to provide cerium(IV) 
formamidinate complexes.
20
 We sought to expand the protonolysis chemistry of 
Ce[N(SiHMe2)2]4 in order to isolate homoleptic cerium(IV) complexes in alkoxide and 
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aryloxide ligand frameworks. 
  A growing body of work has demonstrated that despite the strongly ionic nature 
of lanthanide-ligand bonding, the ligand environment of the cerium cation significantly 
impacts its properties. Such effects have been demonstrated in studies marking the 
tunability of the cerium(III/IV) electrochemical couple.
28
 Reported cerium(III/IV) redox 
couples span an electrochemical range of greater than 3 V depending on the environment 
of the cerium ion. In some ligand environments the cerium(III/IV) redox couple shifts to 
highly reducing potentials. The estimated terbium and praseodymium(III/IV) couples for 
LnCl3 in ethanol are ~1.4 V less reducing than the analogous cerium(III/IV) couple.
29
 
Therefore, a far reaching goal is to identify ligand environments that dramatically shift 
the cerium(III/IV) redox potential to more reducing potentials so they may be considered 
in the context of stabilizing molecular praseodymium(IV) and terbium(IV) compounds, 
none of which are currently known. A second physical characteristic of cerium(IV) 
coordination compounds is the intense ligand-to-metal charge transfer (LMCT) transition 
in the UV and visible portions of the electronic absorption spectra, which are highly 
variable among reported compounds.
4,6-9,30,31
  To date, little has been done to 
systematically explore the effect of ligand environments on the spectroscopic 
characteristics of the resulting compounds.  
  We set out to synthesize and characterize neutral cerium(IV) compounds using 
monodentate monoanionic ligands to assess the effects of ligand fields on metal-based 
reduction potentials and charge transfer transitions. Here we report a rational synthesis of 
Ce[N(SiHMe2)2]4 through oxidation of the trivalent compound K[Ce[N(SiHMe2)2]4. The 
26 
 
capability of Ce[N(SiHMe2)2]4 to act as a protonolysis precursor is shown for alcohol and 
phenol substrates, leading to the isolation of mononuclear tetrakis(alkoxide) and 
tetrakis(aryloxide) cerium(IV) compounds. Spectroscopic, electrochemical, and 
computational analyses of the cerium(IV) complexes studied here provide a comparison 
of the effects of amide, alkoxide, and aryloxide coordination on the physical properties of 
cerium(IV) complexes.  
 
 
2.2. Results and discussion 
2.2.1. Synthesis and structural characterization  
  The trivalent compounds of the bis(dimethylsilyl)amide ligand, 
{Ln[N(SiHMe2]2[μ-N(SiHMe)2]}2 (Ln = La, Y, Lu)
32,33
 and Ln[N(SiHMe2)3](THF)2 (Ln 
= La, Ce, Nd, Sm, Er, Lu), have been prepared from metathesis of LnCl3(THF)2 or by 
protonolysis of the bis(trimethylsilyl)amide precursor, Ln[N(SiMe3)2]3.
13,34,35
 Here, we 
synthesized {Ce[N(SiHMe2]2[μ-N(SiHMe)2]}2 (2.1) and Ce[N(SiHMe2)3](THF)2 (2.2) by 
protonolysis of Ce[N(SiMe3)2]3 with HN(SiHMe2)2 in pentane or THF, respectively 
(Scheme 2.2.1).  
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Scheme 2.2.1. Synthesis of compounds 2.1, 2.2, 2.3, and 2.4. Adapted from work to be 
submitted to Dalton Transactions, 2014. 
 
  The crystal structure of 2.1 was isomorphous with the lanthanum analogue,
32
 and 
the structure is shown in Figure 2.2.1. Compound 2.1 crystallized solvent-free in the 
triclinic P   space group. The structure was dimeric, with two terminal and two bridging 
silylamide ligands coordinated to each cerium cation. The terminal Ce–N bond distances 
in the compound ranged from 2.3413(12)–2.3690(13) Å and were similar to the Ce–N 
bond distances in the reported solid state structure of compound 2.2.
36
 The bridging Ce–
N bond distances were elongated compared to the terminal interactions, and ranged from 
2.5958(12)–2.6480(12) Å.  
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Figure 2.2.1. 30% probability thermal ellipsoid plot of compound 2.1. Hydrogen atoms 
have been removed for clarity. Selected bond distances: Ce(1)–N(1): 2.3413(12) Å, 
Ce(1)–N(2): 2.3690(13) Å, Ce(1)–N(3): 2.6318(12) Å, Ce(1)–N(4): 2.6480(12) Å, 
Ce(2)–N(3): 2.5958(12) Å, Ce(2)–N(4): 2.5961(12) Å, Ce(2)–N(5): 2.3477(13) Å, 
Ce(2)–N(6): 2.3441(12) Å. 
 
  Addition of KN(SiHMe2) to a hexanes solutions of 2.1 or 2.2 led to coordination 
of a fourth silylamide equivalent to the cerium(III) ion and induced precipitation of the 
cerium(III)-containing compound K[Ce[N(SiHMe2)2]4] (2.3) (Scheme 2.2.1). A related 
compound, Li(THF)[Ce[N(SiHMe2)2]4, has been previously synthesized by salt 
metathesis of CeCl3 with LiN(SiHMe2)2.
20,37
 The crystal structure of 2.3 is shown in 
Figure 2.2.2. Compound 2.3 crystallized as a solvent-free coordination polymer in the 
monoclinic C2/c space group. The symmetry about the cerium ion was pseudo-
tetrahedral, with a τ4 parameter of 0.88.
38
 The Ce–N bond distances in the compound 
were 2.3820(12) and 2.4379(12) Å and were similar to the Ce–N bond distances in 
compounds 2.1 and 2.2.
36
 Two of the eight silyl protons in the molecular unit showed 
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short contacts to the Ce(III) center, with SiH–Ce distances of 2.81156(7) Å and Ce–Si 
distances of 3.27110(7) Å. The remaining silyl protons were used for coordination to the 
unsolvated potassium ions in the lattice. A related complex, {Li[Y[N(SiHMe2)2]4]}2, has 
been synthesized from methathesis of Y(OTf)3 (OTf = CF3SO3
–
) with 4 equiv 
LiN(SiHMe2)2 and contains intermolecular SiH–Li interactions in the dimeric structure.
39
 
 
Figure 2.2.2. 30% probability thermal ellipsoid plot of compound 2.3. Methyl hydrogen 
atoms have been removed for clarity. Selected bond distances: Ce(1)–N(1): 2.4379(12) 
Å, Ce(1)–N(2): 2.3820(12) Å. Reprinted from work to be submitted to Dalton 
Transactions, 2014. 
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  Compound 2.3 was insoluble in non-coordinating solvents including benzene, 
toluene, hexanes and pentane, but was soluble in the coordinating solvents Et2O, THF, 
and pyridine. In coordinating solvents, the potassium ion was solvated and removed from 
the complex anion, [Ce[N(SiHMe2)2]4]
–
, evidenced by a broad singlet in the 
1
H NMR at –
8.12 ppm, which corresponds to eight equivalent silyl protons. THF solutions of 
compound 2.3 underwent complete desolvation upon application of vacuum, as 
evidenced by a lack of THF resonances the 
1
H NMR subsequently recorded in pyridine-
d5.  
  Upon oxidation of 2.3 with Ph3CCl, a color change to dark red was observed. The 
reaction product was identified as the previously reported tetravalent compound 
Ce[N(SiHMe2)2]4 (2.4).
13
 Notably, oxidation of 2.3 was insensitive to the choice of 
coordinating or noncoordinating solvent, in contrast to reported syntheses of 2.4 from 
oxidation of 2.1, 2.2, or Li(THF)[Ce[N(SiHMe2)2]4].
13,20
 Reactions of 2.3 with Ph3CCl in 
toluene-d8 and THF-d8 monitored with a ferrocene internal standard showed quantitative 
conversion to 2.4 in 2 h.  
 
Scheme 2.2.2. Synthesis of compounds 2.5 and 2.6. Adapted from work to be submitted 
to Dalton Transactions, 2014. 
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  Compound 2.4 was previously used as a protonlysis precursor to access 
cerium(IV) formamidinate and cerium(IV) alkoxide coordination compounds.
20,37
 
Bis(dimethylsilylamide) complexes of trivalent rare-earth metals were previously shown 
to readily undergo protonolysis reactions with alcoholic substrates.
21-27
 To probe the 
general applicability of this alcoholysis for homoleptic tetravalent compound 2.4, we 
examined the reactivity of 2.4 with alcohol and phenol substrates, as shown in Scheme 
2.2.2.  
  Upon reaction of 2.4 with excess tert-butanol in hexanes, a fast color change from 
dark red to yellow was observed. A yellow crystalline solid was isolated following 
exposure to pyridine and crystallization from a concentrated hexanes solution at –35 oC. 
X-ray crystallographic characterization showed that the reaction product had formed by 
complete protonolysis to yield the recently reported compound Ce(O
t
Bu)4(py)2 (2.5) 
(Figure 2.2.3).
40
 Isolation of this compound was previously reported from metathesis of 
(NH4)2Ce(NO3)6 with KO
t
Bu or NaO
t
Bu in THF to yield Ce(O
t
Bu)4(THF)2 followed by 
solvent substitution.
15,40
 Crystals isolated by our method showed distinct crystal 
morphology compared to previously reported data.
40
 Compound 2.5 crystallized in the 
monoclinic C2/c space group. The Ce–O bond distances were 2.0897(13) and 2.1203(12) 
Å and the Ce–N distances were 2.6733(14) Å. Compound 2.5 was isomorphous with the 
reported thorium analogue, Th(O
t
Bu)4(py)2.
41
 In addition to Ce(O
t
Bu)4(THF)2 and 
Ce(O
t
Bu)4(py)2, previously reported mononuclear neutral cerium(IV) alkoxide complexes 
include Ce(hfip)4(donor) (hfip = (CF3)2CHOH, donor = TMEDA, diglyme),
42
 and 
Ce(OCMe2
i
Pr)4(DMAP).
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Figure 2.2.3. 30% probability thermal ellipsoid plot of compound 2.5. Hydrogen atoms 
have been removed for clarity. Selected bond distances: Ce(1)–O(1): 2.0897(13) Å, 
Ce(1)–O(2): 2.1203(12) Å, Ce(1)–N(1): 2.6733(14) Å. Reprinted from work to be 
submitted to Dalton Transactions, 2014. 
 
 
  Compound 2.4 likewise underwent protonolysis with 4 equiv of 2,6-
diphenylphenol, resulting in a color change from dark red to dark blue. X-ray diffraction 
analysis of crystals grown from a concentrated toluene solution revealed the connectivity 
of the product, the homoleptic monomeric cerium(IV) aryloxide complex, Ce(OAr)4 (Ar 
= C6H3-2,6-(C6H5)2) (2.6) (Figure 2.2.4). Compound 2.6 crystallized in the orthorhombic 
Pcba space group with two molecules in the asymmetric unit and contained Ce–O bond 
distances of 2.101(3) and 2.126(3) Å. Each aryloxide ring was parallelly aligned and 
displaced from a phenyl substituent of a neighboring ligand, indicating arene-arene 
interactions. The distances between least square planes formed by the interacting aryl 
rings ranged from 3.360(6)–3.657(6) Å.  Trivalent rare earth metal centers coordinated by 
four 2,6-diphenylphenolate ligands have been previously observed in the solid-state 
structures of charge-separated [M
I
(donor)n]
+
[Ln
III
(OAr4]
–
  (donor = diglyme, DME) and 
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[Ln/Ae
II
(OAr)3]
+
[Ln
III
(OAr)4]
– 
(Ae = Ca, Sr, Ba)
44-47
 and aryloxide-bridged 
[M
I
Ln
III
(OAr)4] (M = alkali metal).
48,49
 
 
 
Figure 2.2.4. 30% probability thermal ellipsoid plot of compound 2.6 (top). Hydrogen 
atoms have been removed for clarity. Selected bond distances: Ce(1)–O(1): 2.101(3) Å, 
Ce(1)–O(2): 2.126(3) Å. A second view of the crystallographically determined structure 
of 2.6 (bottom). Least-squared planes formed by phenyl and phenoxide groups that 
participate in arene interactions are colored to show stacking between partners. Reprinted 
from work to be submitted to Dalton Transactions, 2014. 
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2.2.2. Characterization of cerium(IV) compounds 
  Upon isolation of the mononuclear cerium(IV) compounds 2.4, 2.5, and 2.6, it 
was immediately clear that the compounds exhibited different properties based on the 
physical appearances of the crystalline solids and solutions. Compound 2.4 appeared dark 
red, compound 2.5 was pale yellow, and compound 2.6 was dark blue. These cursory 
observations prompted us to explore the physical characterization of the compounds in 
order to compare the differing metal-ligand interactions in these coordination 
environments. Broad features observed in the UV/visible region of the electronic 
absorption spectra of cerium(IV) coordination compounds were assigned as ligand-to-
metal charge transfer transitions.
4,6-9,30,31
 Consistent with expectations, the electronic 
absorption spectra of 2.4, 2.5, and 2.6 collected in toluene (Figure 2.2.5) revealed broad 
transitions in the UV/Visible region. Analysis of compound 2.4 revealed three peaks 
centered at 343, 440, and 524 nm with molar absorptivities of 2977, 4546, and 959 M
-
1
cm
-1
, respectively. The spectrum of compound 2.5 showed a maximum at 305 nm (7244 
M
-1
cm
-1
). Compound 2.6 showed LMCT transitions at 366, 487, and 624 nm (1602, 
2101, and 3377 M
-1
cm
-1
, respectively) as well as a transition at 303 nm (17221 M
-1
cm
-1
), 
tentatively assigned to an inter-arene charge transfer transition that arises from donation 
of electron density from the electron rich phenyl substitutents to phenoxide aromatic 
systems on neighboring ligands (Figure 2.2.4).
50
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Figure 2.2.5. Electronic absorption spectra of 2.4, 2.5, and 2.6 collected in toluene. 
Adapted from work to be submitted to Dalton Transactions, 2014. 
 
  Electrochemical analysis was undertaken in order to describe the effect of the 
ligand environment on the thermodynamic stability of the cerium(IV) ion in the varying 
ligand environments of compounds 2.4, 2.5, and 2.6. Electrochemical data was collected 
in DCM with 0.1 M [
n
Pr4N][BAr
F
4]. The cyclic voltammogram of compound 2.4 showed 
a quasi-reversible metal based feature centered at –1.04 V versus Fc/Fc+ with a wave 
separation of 0.21 V (Figure 2.2.6). This feature was shifted to a more reducing potential 
compared to the cerium(III/IV) couples in the related tris(amide) compounds 
Ce[N(SiMe3)2]3 (+0.35 V), CeF[N(SiMe3)2]3 (–0.56 V) and CeCl[N(SiMe3)2]3 (–0.30 V) 
due to the tetrakis(amide) coordination environment of 2.4.
6,9
 The cyclic voltammogram 
of compound 2.5 showed a metal based reduction feature at Epc = –1.99 V and a related 
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metal based oxidation feature at Epa = –1.32 V versus Fc/Fc
+
. The highly reducing ability 
of the cerium(III) ion in the presence of alkoxide ligands was previously observed in a 
ferrocene based ancillary ligand environment.
5
 The cyclic voltammogram of compound 
2.6 showed a reversible metal based feature centered at –0.50 V versus Fc/Fc+ with a 
wave separation of 0.07 V (Figure 2.2.6). Several cerium(IV) aryloxide compounds have 
been previously characterized electrochemically and on this basis have been described as 
mild reductants (E1/2 = –0.5 to –1.5 V versus Fc/Fc
+
).
6-8,28
 As seen in Figure 2.2.6, the 
more sterically restricted coordination environments in compounds 2.4 and 2.6 compared 
to compound 2.5 resulted in more reversible electrochemical features. The sterically 
demanding ligand environments in 2.4 and 2.6 reduced the reorganization energy and led 
to reduced overpotentials..
6,28,51
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Figure 2.2.6. Isolated cerium(III/IV) redox couple in the cyclic voltammograms of 2.4, 
2.5, and 2.6 collected in DCM with 0.1 M [
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.1 
V/sec. Adapted from work to be submitted to Dalton Transactions, 2014. 
 
2.2.3. Electronic structure of cerium(IV) compounds 
  Electronic structure calculations of compounds 2.4, 2.5, and 2.6 were performed 
using Gaussian 09 at the B3LYP level of theory in order to describe the nature of the 
bonding between cerium and the anionic ligands. The geometry optimized gas phase 
structures were found to be in excellent agreement with the crystallographically 
determined bond lengths and bond angles. The calculated LUMO–LUMO+6 in 
compounds 2.4, 2.5, and 2.6 were primarily cerium 4f in character and had minimal 
interactions with ligand based atomic orbitals. The HOMO–LUMO energy gaps in 2.4, 
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2.5, and 2.6 were 3.16, 4.16, and 2.41 eV, respectively. The increase in the calculated 
HOMO–LUMO energy gaps (2.6 < 2.4 < 2.5) correlated with the observed trend in the 
LMCT transitions in the electronic absorption spectra shown in Figure 2.2.5. 
  The highest occupied molecular orbitals in compound 2.4 were largely composed 
of contributions from the bis(dimethylsilyl)amide ligand atomic orbitals and showed 
some overlap with cerium atomic orbitals. Interactions between the cerium ion and the 
amide ligands in the π orientation were observed in the HOMO to HOMO–3 molecular 
orbitals. Interactions between the cerium ion and the amide ligands along the bonding 
axes were observed in the HOMO–4 to HOMO–7 molecular orbitals. Visual 
representations of the HOMO and HOMO–4 molecular orbitals in 2.4 are shown in 
Figure 2.2.7. 
  The highest occupied molecular orbitals in compound 2.5 were largely composed 
of contributions from the tert-butoxide ligand atomic orbitals, and showed some overlap 
with cerium atomic orbitals. In particular the HOMO–1 to HOMO–3 and HOMO–6 to 
HOMO–7 showed π interactions between the alkoxide ligands and the cerium ion. No 
notable interactions along the Ce–O bonding axes were apparent in the calculated 
molecular orbitals of compound 2.5. 
  The highest occupied molecular orbitals in compound 2.6 were likewise largely 
ligand based. However, the HOMO and HOMO–1 molecular orbitals did show π 
interactions between the aryloxide ligands and the cerium ion. As in compound 2.5, none 
of the calculated molecular orbitals in compound 2.6 showed interactions along the Ce–O 
bonding axes. 
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Figure 2.2.7. Top: The HOMO (left) and HOMO–4 (right) molecular orbitals in 2.4. 
Middle: The HOMO–1 (left) and HOMO–7 (right) molecular orbitals in 2.5. Bottom: The 
HOMO (left) and HOMO–1 (right) molecular orbitals in 2.6. Reprinted from work to be 
submitted to Dalton Transactions, 2014. 
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  Natural population analysis was used to calculate the natural charges present on 
the component atoms in each compound. The natural charges of the cerium ions in 2.4, 
2.5, and 2.6 of 1.856, 1.922, and 1.986, respectively, indicated a higher degree of ionicity 
of the metal-ligand bonding in compounds 2.5 and 2.6 compared to compound 2.4. Based 
on the comparison of this metric with the electrochemical data, no correlation between 
the degree of metal-ligand bond ionicity and the thermodynamic stability of the 
cerium(IV) center was observed.  
 
Table 2.2.1. Electronic absorption, electrochemical, and computational data for 2.4, 2.5, 
and 2.6. Adapted from work to be submitted to Dalton Transactions, 2014. 
 2.4 2.5 2.6 
E (nm) / ε (M-1cm-1) 
343 / 2977 
440 / 4546 
524 / 959 
305 / 7244 
303 / 17221 
366 / 1602 
487 / 2101 
624 / 3377 
Epa (V vs Fc/Fc
+
) –0.93 –1.32 –0.46 
Epc (V vs Fc/Fc
+
) –1.14 –1.99 –0.54 
ΔE (V) 0.21 0.67 0.07 
HOMO–LUMO (eV) 3.16 4.16 2.41 
qCe 1.856 1.922 1.986 
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2.3 Summary 
  We oxidized K[Ce[N(SiHMe2)2]4] in order to isolate Ce[N(SiHMe2)2]4 by an 
improved procedure. Ce[N(SiHMe2)2]4 underwent protonolysis with tert-butanol and 2,6-
diphenylphenol to yield Ce(O
t
Bu)4(py)2 and Ce(OAr)4. Electronic absorption 
spectrosocopy of these amide, alkoxide, and aryloxide complexes showed highly tunable 
LMCT transitions depending on the ligand environment of the cerium ion. 
Electrochemical analysis showed that the alkoxide was most stabilized in the cerium(IV) 
oxidation state and that the aryloxide was the least stabilized member of the series. 
Computational assessment of the electronic structure of these compounds showed 
minimal metal-ligand overlap and no correlation between the degree of ionicity of the 
metal-ligand bonds and the cerium(III/IV) redox potential. 
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2.4 Experimental 
2.4.1 Methods  
  All reactions and manipulations were performed under an inert atmosphere (N2) 
using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system. 
Glassware was oven-dried for 3 hours at 150 °C prior to use. Elemental analyses were 
performed at the University of California, Berkeley Microanalytical Facility using a 
Perkin-Elmer Series II 2400 CHNS analyzer. 
2.4.2 Materials  
  Tetrahydrofuran (THF), hexanes, diethyl ether, toluene, pentane, and 
dichloromethane (DCM) were purchased from Fisher Scientific. These solvents were 
sparged for 20 min with dry argon and dried using a commercial solvent purification 
system comprising two columns packed with Q5 reactant and neutral alumina 
respectively. Ph3CCl and 2,6-diphenylphenol were purchased from Acros Organics and 
used as received. Ferrocene (Fc) was purchased from Acros Organics and purified by 
sublimation before use. Benzene-d6, toluene-d8, and THF-d8 were purchased from 
Cambridge Isotopes and dried over potassium mirror for 24 h before use. Pyridine-d5 was 
purchased from Cambridge Isotopes and dried over 4 Å molecular sieves for 24 h before 
use. HN(SiHMe2)2 was purchased from Alfa Aesar and used as received. Tert-butanol 
was purchased from Fisher Scientific, degassed, and dried over 4 Å molecular sieves 
before use. Ce[N(SiMe3)2]3,
52
 KN(SiHMe2)2,
53
 and [
n
Pr4N][B(3,5-(CF3)2-C6H3)4] 
([
n
Pr4N][BAr
F
4])
54
 were prepared according to published procedures. 
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2.4.3 Synthesis of {Ce[N(SiHMe2]2[μ-N(SiHMe)2]}2 (2.1) 
  2.360 g (17.70 mmol) HN(SiHMe2)2 was dissolved in ~8 mL pentane and added 
to a stirred solution of 1.000 g (1.610 mmol) Ce[N(SiMe3)2]3 in ~7 mL pentane. The 
solution was stirred at R.T. overnight. Volatiles were removed under reduced pressure. 
The resulting yellow powder was dissolved in ~3 mL pentane and chilled at –35 oC. The 
yellow crystals that precipitated were isolated by decantation of the mother liquor 
followed by removal of remaining volatiles under reduced pressure. Yield: 0.216 g (0.402 
mmol, 25%). 
1
H NMR (benzene-d6): δ –0.39 (broad s, 72H, CH3), –15.61 (v. broad s, 
12H, SiH). 
2.4.4 Synthesis of Ce[N(SiHMe2)2]3(THF)2 (2.2) 
  3.269 g (24.52 mmol) HN(SiHMe2)2 was added to a stirred solution of 5.072 g 
(8.16 mmol) Ce[N(SiMe3)2]3 in ~15 mL THF. The reaction was stirred at R.T. for 24 h. 
Volatiles were removed under reduced pressure. The resultant white powder was 
concentrated in ~20 mL hexanes with heat, filtered through a Celite-packed coarse 
porosity fritted filter, and chilled at –35 oC overnight to induce crystallization. The 
colorless crystals were isolated by filtration over a medium porosity fritted filter and 
dried under reduced pressure. Yield: 4.131 g (6.06 mmol, 74%) Anal. Calcd. for 
CeC20H58N3Si6O2: C, 35.35; H, 8.58; N, 6.17. Found: C, 34.94; H, 8.78; N, 5.86. 
1
H 
NMR (benzene-d6): δ 2.34 (s, 36H, CH3), –1.00 (s, 8H, CH2), –2.06 (s, 8H, CH2), –3.39 
(broad s, 6H, SiH).  
2.4.5 Synthesis of K[Ce[N(SiHMe2)2]4] (2.3)  
  0.381 g (1.910 mmol) KN(SiHMe2)2 was added to a stirred solution of 1.310 g 
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(1.922 mmol) Ce[N(SiHMe2)2]3(THF)2 in ~10 mL hexanes. After 5 h, a colorless 
precipitate was isolated over a medium porosity fritted filter, washed 2 × 3 mL hexanes, 
and dried under reduced pressure to isolate the product as a colorless powder. Yield: 
1.036 g (1.462 mmol, 77%) Light yellow X-ray diffraction quality crystals were isolated 
from slow evaporation of a 3:1 mixture of hexane: diethyl ether at room temperature. 
Anal. Calcd. for KCeC16H56N4Si8: C, 27.12; H, 7.97; N, 7.91. Found: C, 27.07; H, 7.61; 
N, 7.86. 
1
H NMR (pyridine-d5): δ 1.61 (s, 48H, CH3), –8.27 (broad s, 8H, SiH).  
2.4.6 Synthesis of Ce[N(SiHMe2)2]4 (2.4) 
Preparative scale synthesis of Ce[N(SiHMe2)2]4  
  0.169 g (0.606 mmol) Ph3CCl was added to a stirred solution of 0.426 g (0.601 
mmol) K[Ce[N(SiHMe2)2]4] in ~10 mL THF, inducing a color change to dark red. After 1 
h, the reaction was dried under reduced pressure and the product was extracted using ~10 
mL hexanes. The reaction was filtered through celite and concentrated to a volume of ~5 
mL. The concentrated hexanes solution was chilled at –35 oC overnight. The reaction was 
filtered through a Celite-packed coarse porosity fritted filter to remove the organic 
product that had precipitated from solution. The filtrate was dried under reduced pressure 
to isolate the product as a dark red microcrystalline solid. Yield: 0.257 g (0.384 mmol, 
64%) X-ray diffraction quality crystals were isolated from a concentrated hexanes 
solution of the purified solid at –35 oC. Anal. Calcd. for CeC16H56N4Si8: C, 28.70; H, 
8.43; N, 8.37. Found: C, 28.42; H, 8.45; N, 8.02. 
1
H NMR (benzene-d6): δ 6.01 (m, 8H, 
SiH), 0.35 (d, 48H, CH3). 
13
C NMR (benzene-d6): δ 2.28 (SiHCH3). 
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NMR scale synthesis of Ce[N[SiHMe2]2]4 in Tol-d8  
  0.0419 g (0.0591 mmol) K[Ce[N(SiHMe2)2]4] was suspended in 1.5 mL toluene-
d8 in a J. Young valve NMR tube. 0.0165 g (0.0591 mmol) Ph3CCl was added. The tube 
was sealed and shaken, then left to stand for 2 h at R.T. 0.0110 g (0.0591 mmol) 
ferrocene was added to the red solution and resealed. Integration of the ferrocene 
standard to the product peak in the 
1
H NMR spectrum indicated 98.5% conversion. 
NMR scale synthesis of Ce[N[SiHMe2]2]4 in THF-d8  
  0.0419 g (0.0591 mmol) K[Ce[N(SiHMe2)2]4] was dissolved in 1.5 mL THF-d8 in 
a J. Young valve NMR tube. 0.0165 g (0.0591 mmol) Ph3CCl was added. The tube was 
sealed and shaken, then left to stand for 2 h at R.T. 0.0110 g (0.0591 mmol) ferrocene 
was added to the red solution and resealed. Integration of the ferrocene standard to the 
product peak in the 
1
H NMR spectrum indicated 99.5% conversion. 
2.4.7 Synthesis of Ce(O
t
Bu)4(py)2 (2.5)  
  0.114 g (0.170 mmol) Ce[N(SiHMe2)2]4 dissolved in ~5 mL hexanes was added 
slowly to a solution of 0.073 g (0.985 mmol) tert-butanol dissolved in ~5 mL hexanes. 5 
drops of pyridine were added, and the solution was mixed. Volatiles were removed under 
reduced pressure. The resultant yellow solid was redissolved in ~1 mL hexanes with 1 
drop of pyridine and chilled at –35 oC. The crystals that precipitated from the solution 
were shown to have the formula Ce(O
t
Bu)4(py)2 by X-ray diffraction. To collect bulk 
amounts of pure compound, the mother liquor was removed by decantation, and the 
crystals were dried briefly under reduced pressure, then were left under ambient drybox 
atmosphere for 2 h. Following these purification steps, the product was shown to have the 
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formula Ce(O
t
Bu)4(py)1.5 by 
1
H NMR and combustion analysis. Yield 0.063 g (0.114 
mmol, 67%) Anal. Calcd. for CeC23.5H43.5N1.5O4: C, 51.2; H, 7.95; N, 3.81. Found: C, 
51.0; H, 7.59; N, 4.21. 
1
H NMR (benzene-d6): δ 8.69 (broad s, 3H, Ar-H), 6.94 (t, 1.5H, 
Ar-H), 6.68 (t, 3H, Ar-H), 1.63 (s, 36H, C(CH3)3). 
13
C NMR (benzene-d6): δ 150.72, 
136.00, 123.49, 81.03, 34.55. 
2.4.8 Synthesis of Ce(OAr)4 (Ar = C6H3-2,6-(C6H5)2) (2.6)  
  0.134 g (0.200 mmol) Ce[N(SiHMe2)2]4 was dissolved in ~3 mL toluene. 0.197 g 
(0.801 mmol) 2,6-diphenylphenol was added with stirring. After 30 min, the resultant 
dark blue solution was dried under reduced pressure. The solid was suspended in ~10 mL 
hexanes, collected over a medium porosity fritted filter, washed 1 × 10 mL hexanes and 
dried under reduced pressure to isolate the product as a blue powder. Yield: 0.174 g 
(0.156 mmol, 78%). Dark blue X-ray diffraction quality crystals were isolated from a 
concentrated toluene solution at –35 oC. Anal. Calcd. for CeC72H52O4: C, 77.12; H, 4.67. 
Found: C, 77.25; H, 4.86; N, < 0.2. 
1
H NMR (benzene-d6): δ 7.22 (d, 16H, Ar-H), 7.12 
(d, 8H, Ar-H), 6.93 (t, 16H, Ar-H), 6.80 (tt, 8H, Ar-H), 6.61 (t, 4H, Ar-H). 
13
C NMR 
(benzene-d6): δ 166.32, 140.64, 132.72, 129.60, 129.41, 129.21, 127.30, 121.83. 
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2.5 Crystallographic analysis 
  X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
100(1) K or 143(1) K. Preliminary indexing was performed from a series of thirty-six 
0.5° rotation frames with exposures of 10 seconds. Following full data collection, rotation 
frames were integrated using SAINT,
55
 producing a listing of unaveraged F
2
 and σ(F2) 
values which were then passed to the SHELXTL program package for further processing 
and structure solution.
56
 The intensity data were corrected for Lorentz and polarization 
effects and for absorption using SADABS.
57
 The structures were solved by direct 
methods (SHELXS-97).
58
 The data for compound 5 contained areas of disordered solvent 
for which reliable disorder models could not be resolved; the X-ray data was corrected 
for the presence of disordered solvent using the program SQUEEZE.
58
 All refinements 
were by full-matrix least squares based on F
2
 using SHELXL-97.
58
 All reflections were 
used during refinements. Non-hydrogen atoms were refined anisotropically and hydrogen 
atoms were refined using a riding model.  
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Table 2.5.1. Crystallographic parameters for compounds 2.1 and 2.3. Adapted from work 
to be submitted to Dalton Transactions, 2014. 
 2.1 2.3 
Empirical formula C24H84Si12N6Ce2 C16H56Si8N4KCe 
Formula weight 1074.29 708.59 
Temperature (K) 143(1) K 143(1) 
Crystal system Triclinic monoclinic 
Space group P   C2/c       
Cell constants   
                a (Å) 11.0101(5)  19.6084(7) 
                b (Å) 12.5843(6)  11.0986(4) 
                c (Å) 21.3276(10)  18.1627(6) 
                α (o) 76.152(2) 90.00 
                β (o) 84.028(2) 106.2270(10) 
                γ (o) 89.877(2) 90.00 
Volume (Å
3
) 2852.8(2) 3795.2(2)  
Z 2 4 
Density (calculated) (Mg/m
3
) 1.251  1.240
 
Absorption coefficient (mm
-1
) 1.848  1.573
 
F(000) 1108 1476 
Crystal size (mm
3
) 0.40 × 0.30 × 0.18  0.35 × 0.22 × 0.22 
 
Theta range for data collection 
 
1.67 to 27.55° 2.13 to 27.49° 
Index ranges 
-14 ≤ h ≤ 14, -16 ≤ k ≤ 
16, -27 ≤ l ≤ 27 
-25 ≤ h ≤ 25, -12 ≤ k ≤ 
14, -23 ≤ l ≤ 22 
Reflections collected 109305 35784 
Independent collections 13121 [R(int) = 0.0174] 4365 [R(int)=0.0196] 
Completeness to theta = 
27.49
o
 
99.5 % 99.9 % 
Max. and min. transmission 0.7456 and 0.6446 0.7456 and 0.6888 
Data / restraints / parameters 13121 / 0 / 422 4365 / 0 / 162 
Goodness-of-fit on F
2
 0.758 1.125 
Final R indicies [I>2sigma(I)] 
R1 = 0.0152, wR2 = 
0.0401 
R1 = 0.0158,  
wR2 = 0.0404 
R indices (all data) 
R1 = 0.0166, wR2 = 
0.0414 
R1 = 0.0175,  
wR2 = 0.0419 
Largest diff. peak and hole 
(e.Å
3
) 
0.385 and -0.339 0.488 and -0.278
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Table 2.5.2. Bond lengths for compound 2.1 (Å). 
Ce1-N1  2.3413(12) Si4-C7  1.872(2) 
Ce1-N4  2.6480(12) Si5-C9  1.8618(19) 
Ce1-Si5  3.2623(4) Si6-C11  1.8608(17) 
Ce2-N6  2.3441(12) Si7-C14  1.8691(19) 
Ce2-N4  2.5961(12) Si8-C15  1.8672(18) 
Ce2-Si9  3.2675(5) Si9-C17  1.867(2) 
Si1-C2  1.858(2) Si10-C19  1.867(2) 
Si2-C4  1.8673(18) Si11-C21  1.8660(17) 
Si3-C6  1.861(2) Si12-C24  1.8683(18) 
Si4-C8  1.870(2) Ce1-N3  2.6318(12) 
Si5-C10  1.8583(19) Ce1-Si2  3.2083(4) 
Si6-C12  1.8509(17) Ce1-Ce2  3.87954(16) 
Si7-C13  1.858(2) Ce2-N3  2.5958(12) 
Si8-C16  1.8591(19) Ce2-Si6  3.2577(4) 
Si9-C18  1.862(2) Si1-N1  1.7060(14) 
Si10-C20  1.855(2) Si2-N1  1.7010(14) 
Si11-C22  1.8654(18) Si3-N2  1.6939(14) 
Si12-C23  1.8682(19) Si4-N2  1.7096(15) 
Ce1-N2  2.3690(13) Si5-N3  1.7174(13) 
Ce1-Si3  3.1910(5) Si6-N3  1.7278(13) 
Ce1-Si8  3.3716(5) Si7-N4  1.7211(13) 
Ce2-N5  2.3477(13) Si8-N4  1.7307(13) 
Ce2-Si11  3.2478(4) Si9-N5  1.6952(14) 
Ce2-Si7  3.3020(5) Si10-N5  1.7134(13) 
Si1-C1  1.869(2) Si11-N6  1.6912(14) 
Si2-C3  1.8687(18) Si12-N6  1.7002(13) 
Si3-C5  1.865(2) 
   
Table 2.5.3. Bond angles for compound 2.1 (
o
). 
N4-Ce2-Si11 104.45(3) N6-Si11-C21 114.91(8) 
N3-Ce2-Si6 31.85(3) C22-Si11-Ce2 123.27(6) 
N6-Ce2-Si9 132.70(3) N6-Si12-C24 113.93(8) 
N4-Ce2-Si9 92.78(3) Si2-N1-Ce1 103.94(6) 
N6-Ce2-Si7 95.57(3) Si3-N2-Ce1 102.24(6) 
N4-Ce2-Si7 31.10(3) Si5-N3-Ce2 121.12(6) 
Si9-Ce2-Si7 122.701(12) Si6-N3-Ce1 127.86(6) 
N3-Ce2-Ce1 42.45(3) Si7-N4-Ce2 97.72(5) 
Si6-Ce2-Ce1 66.274(8) Si8-N4-Ce1 98.54(5) 
N1-Si1-C2 113.74(10) Si9-N5-Ce2 106.73(6) 
N1-Si2-C4 116.27(8) Si11-N6-Ce2 106.06(6) 
N1-Si2-Ce1 45.09(4) N2-Ce1-N3 123.12(4) 
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N2-Si3-C6 115.22(10) N3-Ce1-N4 79.05(4) 
N2-Si3-Ce1 46.51(5) N3-Ce1-Si3 151.27(3) 
N2-Si4-C8 114.11(9) N2-Ce1-Si2 80.51(3) 
N3-Si5-C10 115.38(8) Si3-Ce1-Si2 88.679(12) 
N3-Si5-Ce1 53.50(4) N3-Ce1-Si5 31.64(3) 
N3-Si6-C12 114.87(7) Si2-Ce1-Si5 101.025(12) 
N3-Si6-Ce2 52.46(4) N3-Ce1-Si8 103.67(3) 
N4-Si7-C13 116.28(8) Si2-Ce1-Si8 140.156(11) 
N4-Si7-Ce2 51.18(4) N2-Ce1-Ce2 140.75(3) 
N4-Si8-C16 114.26(8) Si3-Ce1-Ce2 139.830(9) 
N4-Si8-Ce1 50.96(4) Si8-Ce1-Ce2 62.053(8) 
N5-Si9-C18 114.75(9) N5-Ce2-N3 119.81(4) 
N5-Si9-Ce2 43.48(4) N3-Ce2-N4 80.66(4) 
N5-Si10-C20 111.65(9) N3-Ce2-Si11 141.69(3) 
N6-Si11-C22 116.23(8) N5-Ce2-Si6 96.83(3) 
N6-Si11-Ce2 43.91(4) Si11-Ce2-Si6 139.467(11) 
N6-Si12-C23 114.20(8) N3-Ce2-Si9 91.86(3) 
Si2-N1-Si1 125.86(8) Si6-Ce2-Si9 76.039(12) 
Si3-N2-Si4 126.67(8) N3-Ce2-Si7 88.79(3) 
Si5-N3-Si6 121.01(7) Si6-Ce2-Si7 120.619(11) 
Si5-N3-Ce1 94.86(5) N5-Ce2-Ce1 105.71(3) 
Si7-N4-Si8 119.97(7) Si11-Ce2-Ce1 144.586(8) 
Si7-N4-Ce1 124.56(6) Si7-Ce2-Ce1 65.047(8) 
Si9-N5-Si10 125.45(8) C2-Si1-C1 107.58(14) 
Si11-N6-Si12 130.19(8) C4-Si2-C3 106.33(8) 
N1-Ce1-N3 112.68(4) C3-Si2-Ce1 138.56(6) 
N2-Ce1-N4 111.52(4) C6-Si3-C5 107.29(10) 
N2-Ce1-Si3 31.25(3) C5-Si3-Ce1 123.93(8) 
N1-Ce1-Si2 30.97(3) C8-Si4-C7 106.00(11) 
N4-Ce1-Si2 166.27(3) C10-Si5-C9 108.90(10) 
N2-Ce1-Si5 91.80(3) C9-Si5-Ce1 112.48(7) 
Si3-Ce1-Si5 119.989(13) C12-Si6-C11 107.33(8) 
N2-Ce1-Si8 111.01(3) C11-Si6-Ce2 124.08(6) 
Si3-Ce1-Si8 85.394(12) C13-Si7-C14 107.62(10) 
N1-Ce1-Ce2 122.45(3) C14-Si7-Ce2 116.12(7) 
N4-Ce1-Ce2 41.77(3) C16-Si8-C15 106.78(9) 
Si5-Ce1-Ce2 63.239(8) C15-Si8-Ce1 111.92(6) 
N6-Ce2-N3 117.81(4) C18-Si9-C17 107.79(10) 
N5-Ce2-N4 106.18(4) C17-Si9-Ce2 131.99(7) 
N5-Ce2-Si11 95.61(3) C20-Si10-C19 108.25(11) 
N6-Ce2-Si6 109.50(3) C22-Si11-C21 107.93(8) 
N4-Ce2-Si6 108.74(3) C21-Si11-Ce2 128.79(6) 
N5-Ce2-Si9 29.79(3) C23-Si12-C24 107.08(9) 
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Si11-Ce2-Si9 125.141(12) Si1-N1-Ce1 130.20(7) 
N5-Ce2-Si7 127.45(3) Si4-N2-Ce1 131.09(7) 
Si11-Ce2-Si7 79.539(11) Si6-N3-Ce2 95.69(5) 
N6-Ce2-Ce1 148.65(3) Ce2-N3-Ce1 95.82(4) 
N4-Ce2-Ce1 42.80(3) Si8-N4-Ce2 119.49(6) 
Si9-Ce2-Ce1 77.876(9) Ce2-N4-Ce1 95.42(4) 
N1-Si1-C1 112.96(9) Si10-N5-Ce2 127.32(7) 
N1-Si2-C3 116.55(8) Si12-N6-Ce2 123.68(7) 
 
 
Table 2.5.4. Bond lengths for compound 2.3 (Å). 
Ce1-N2#1  2.3820(12) Si2-C4  1.865(2) 
Ce1-N1  2.4379(12) Si3-C6  1.856(2) 
Si1-N1  1.6935(12) Si4-C8  1.850(2) 
Si2-N1  1.6988(13) Ce1-N1#1  2.4379(12) 
Si3-N2  1.6878(13) K1-N1#2  3.4546(12) 
Si4-N2  1.6897(13) Si1-C1  1.8730(18) 
Ce1-N2  2.3821(12) Si2-C3  1.8670(19) 
K1-N1  3.4546(12) Si3-C5  1.865(2) 
Si1-C2  1.8639(17) Si4-C7  1.8560(19) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2    #2 -x+1,-y+1,-z      
 
Table 2.5.5. Bond angles for compound 2.3 (
o
). 
N2#1-Ce1-N2 101.49(6) N2-Si3-C6 115.84(9) 
N2#1-Ce1-N1 117.75(4) N2-Si4-C8 114.98(9) 
N1-K1-N1#2 180 Si1-N1-Si2 126.94(7) 
C2-Si1-C1 107.45(10) Si1-N1-K1 97.22(5) 
C4-Si2-C3 107.62(11) Si3-N2-Si4 129.46(8) 
C6-Si3-C5 108.61(14) N2-Ce1-N1#1 117.75(4) 
C8-Si4-C7 109.24(12) N1#1-Ce1-N1 108.16(6) 
Si2-N1-Ce1 128.59(6) N1-Si1-C1 114.93(8) 
Ce1-N1-K1 101.64(4) N1-Si2-C3 115.04(8) 
Si4-N2-Ce1 116.22(6) N2-Si3-C5 115.10(9) 
N2#1-Ce1-N1#1 106.07(4) N2-Si4-C7 115.03(8) 
N2-Ce1-N1 106.07(4) Si1-N1-Ce1 103.22(6) 
N1-Si1-C2 117.16(8) Si2-N1-K1 84.22(5) 
N1-Si2-C4 113.06(7) Si3-N2-Ce1 113.84(6) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2    #2 -x+1,-y+1,-z      
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Table 2.5.6. Crystallographic parameters for compounds 2.5 and 2.6. Adapted from work 
to be submitted to Dalton Transactions, 2014. 
 2.5 2.6 
Empirical formula C26H46N2O4Ce C165H128O8Ce2 
Formula weight 590.77 2518.91 
Temperature (K) 143(1) 100(1) 
Crystal system monoclinic orthorhombic 
Space group C2/c       Pcca 
Cell constants   
                a (Å) 12.4757(7) 22.8092(9) 
                b (Å) 14.8427(9) 22.1996(9) 
                c (Å) 16.6276(9) 24.9446(9) 
                β (o) 96.250(2) 90.00 
Volume (Å
3
) 3060.7(3) 12630.8(8) 
Z 4 4 
Density (calculated) 
(Mg/m
3
) 
1.282
 
1.325
 
Absorption coefficient (mm
-
1
) 
1.516
 
0.774
 
F(000) 1224 5192 
Crystal size (mm
3
) 0.54 x 0.12 x 0.05 
 
0.22 x 0.10 x 0.07 
 
Theta range for data 
collection 
 2.14 to 27.65° 1.52 to 27.58° 
Index ranges 
-16 ≤ h ≤ 16, -19 ≤ k ≤ 19, 
-21 ≤ l ≤ 21 
-29 ≤ h ≤ 29, -28 ≤ k ≤ 28, 
-32 ≤ l ≤ 32 
Reflections collected 33179 310384 
Independent collections 3552 [R(int)=0.0183] 14581 [R(int)=0.0516] 
Completeness to theta = 
27.49
o
 
99.2 % 99.6 % 
Max. and min. transmission 0.7456 and 0.6519 0.7456 and 0.7119 
Data / restraints / parameters 3552 / 90 / 187 14581 / 0 / 794 
Goodness-of-fit on F
2
 1.130 1.078 
Final R indicies 
[I>2sigma(I)] 
R1 = 0.0166,  
wR2 = 0.0432 
R1 = 0.0598,  
wR2 = 0.1470 
R indices (all data) 
R1 = 0.0179,  
wR2 = 0.0450 
R1 = 0.0797,  
wR2 = 0.1564 
Largest diff. peak and hole 
(e.Å
3
) 
0.559 and -0.456 7.463 and -2.466 
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Table 2.5.7. Bond lengths for compound 2.5 (Å). 
Ce1-O2#1  2.0897(13) C4-C5  1.379(3) 
Ce1-O1#1  2.1203(12) C6-C8  1.526(4) 
N1-C5  1.321(2) C10-C11'  1.498(6) 
O2-C10  1.392(2) C10-C13  1.533(5) 
C3-C4  1.363(4) Ce1-O1  2.1203(12) 
C6-C9  1.504(4) Ce1-N1  2.6733(14) 
C10-C11  1.498(4) O1-C6  1.400(2) 
C10-C12'  1.537(6) C2-C3  1.358(4) 
Ce1-O2  2.0897(12) C6-C7  1.502(3) 
Ce1-N1#1  2.6733(14) C10-C13'  1.490(6) 
N1-C1  1.329(2) C10-C12  1.509(5) 
C1-C2  1.381(3) 
  Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+3/2      
 
 
 
Table 2.5.8. Bond angles for compound 2.5 (
o
). 
O2#1-Ce1-O2 103.41(8) O1-C6-C7 109.77(19) 
O2#1-Ce1-O1#1 96.83(5) O1-C6-C8 107.3(2) 
O2#1-Ce1-N1#1 165.99(5) O2-C10-C13' 109.2(3) 
O1#1-Ce1-N1#1 82.31(5) O2-C10-C11' 112.0(3) 
O1-Ce1-N1 82.31(5) O2-C10-C12 109.7(3) 
C5-N1-C1 117.20(17) C11'-C10-C12 138.4(4) 
C6-O1-Ce1 160.27(15) C11-C10-C12' 58.2(4) 
C3-C2-C1 119.4(2) O2-C10-C13 106.2(3) 
N1-C5-C4 123.2(2) C11'-C10-C13 56.1(4) 
C7-C6-C9 109.4(3) O2-Ce1-O1 96.83(5) 
C9-C6-C8 112.9(4) O1-Ce1-O1#1 158.05(8) 
C13'-C10-C11 142.0(4) O1-Ce1-N1#1 80.38(5) 
C11-C10-C11' 52.8(4) O2-Ce1-N1 165.99(5) 
C11-C10-C12 112.5(4) N1#1-Ce1-N1 75.49(6) 
C13'-C10-C12' 109.2(6) C1-N1-Ce1 118.76(13) 
C12-C10-C12' 58.7(5) N1-C1-C2 122.8(2) 
C11-C10-C13 107.9(4) C3-C4-C5 119.1(2) 
C12'-C10-C13 147.2(4) O1-C6-C9 108.5(2) 
O2#1-Ce1-O1 96.72(5) C7-C6-C8 108.9(3) 
O2-Ce1-O1#1 96.72(6) O2-C10-C11 108.7(2) 
O2-Ce1-N1#1 90.56(5) C13'-C10-C11' 111.8(6) 
O2#1-Ce1-N1 90.56(5) C13'-C10-C12 52.4(5) 
O1#1-Ce1-N1 80.38(5) O2-C10-C12' 106.5(3) 
C5-N1-Ce1 123.96(12) C11'-C10-C12' 108.0(5) 
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C10-O2-Ce1 173.22(13) C13'-C10-C13 61.6(6) 
C2-C3-C4 118.4(2) C12-C10-C13 111.7(5) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+3/2      
 
Table 2.5.9. Bond lengths for compound 2.6 (Å). 
Ce1-O1  2.101(3) C37-C38  1.404(7) 
Ce1-O2#1  2.126(3) C39-C40  1.370(8) 
O1-C1  1.359(5) C42-C49  1.480(7) 
C1-C2  1.420(7) C44-C45  1.408(9) 
C3-C4  1.383(7) C47-C48  1.390(8) 
C6-C13  1.484(6) C50-C51  1.379(8) 
C8-C9  1.384(7) C53-C54  1.370(8) 
C11-C12  1.389(8) C56-C57  1.392(6) 
C14-C15  1.394(7) C58-C59  1.388(7) 
C17-C18  1.387(7) C61-C62  1.375(7) 
C20-C21  1.406(7) C63-C64  1.381(8) 
C22-C23  1.362(8) C67-C72  1.390(6) 
C25-C26  1.387(7) C69-C70  1.370(8) 
C27-C28  1.362(9) C73-C78  1.346(12) 
C31-C32  1.404(6) C75-C76  1.385(12) 
C33-C34  1.389(7) C77-C79  1.458(11) 
Ce2-O3  2.108(3) C81-C82#3  1.337(11) 
Ce2-O4  2.111(3) C84-C83#3  1.393(13) 
C37-C42  1.403(6) Ce1-O2  2.126(3) 
C38-C43  1.487(7) Ce1-C36  3.051(4) 
C41-C42  1.404(6) C1-C6  1.410(6) 
C43-C48  1.401(8) C2-C7  1.498(6) 
C46-C47  1.386(11) C5-C6  1.388(6) 
C49-C54  1.398(6) C7-C12  1.396(7) 
C52-C53  1.385(8) C10-C11  1.373(9) 
C55-C56  1.414(6) C13-C14  1.397(6) 
C57-C58  1.378(7) C16-C17  1.390(7) 
C60-C67  1.495(6) C19-C24  1.404(6) 
C62-C63  1.422(7) C21-C22  1.382(8) 
C65-C66  1.380(7) C24-C31  1.469(7) 
C68-C69  1.392(7) C26-C27  1.384(7) 
C71-C72  1.398(7) C29-C30  1.391(8) 
C74-C75  1.378(13) C32-C33  1.378(7) 
C77-C78  1.407(11) C35-C36  1.373(7) 
C81-C82  1.337(11) Ce2-O4#2  2.111(3) 
C83-C84  1.393(13) O4-C55  1.348(5) 
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Ce1-O1#1  2.101(3) C38-C39  1.408(7) 
Ce1-C36#1  3.051(4) C40-C41  1.379(8) 
O2-C19  1.356(5) C43-C44  1.388(8) 
C2-C3  1.384(6) C45-C46  1.377(11) 
C4-C5  1.376(8) C49-C50  1.396(7) 
C7-C8  1.389(7) C51-C52  1.380(8) 
C9-C10  1.380(8) C55-C60  1.411(6) 
C13-C18  1.389(6) C56-C61  1.492(6) 
C15-C16  1.374(7) C59-C60  1.387(6) 
C19-C20  1.403(7) C61-C66  1.397(7) 
C20-C25  1.489(7) C64-C65  1.368(9) 
C23-C24  1.405(6) C67-C68  1.397(6) 
C25-C30  1.387(7) C70-C71  1.395(8) 
C28-C29  1.382(9) C73-C74  1.376(13) 
C31-C36  1.407(6) C76-C77  1.389(12) 
C34-C35  1.394(7) C80-C81  1.488(18) 
Ce2-O3#2  2.108(3) C82-C83  1.371(14) 
O3-C37  1.347(5) 
  Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,-y,z    #2 -x+1/2,-y+1,z    #3 -x,y,-z+3/2      
 
Table 2.5.10. Bond angles for compound 2.6 (
o
). 
O1-Ce1-O1#1 101.97(16) O3#2-Ce2-O4 101.98(12) 
O1-Ce1-O2#1 102.79(12) C55-O4-Ce2 150.4(3) 
O1-Ce1-C36#1 76.09(12) C42-C37-C38 121.1(4) 
O2#1-Ce1-C36#1 67.57(13) C39-C38-C43 119.0(5) 
O2-Ce1-C36 67.57(13) C40-C41-C42 120.8(5) 
C1-O1-Ce1 164.2(3) C41-C42-C49 118.6(4) 
O1-C1-C2 118.8(4) C48-C43-C38 121.5(5) 
C3-C2-C7 119.9(4) C45-C46-C47 120.8(6) 
C5-C4-C3 119.6(5) C50-C49-C54 116.8(5) 
C5-C6-C13 120.3(4) C51-C50-C49 121.7(5) 
C8-C7-C2 122.9(4) C54-C53-C52 120.4(5) 
C10-C9-C8 120.5(5) O4-C55-C56 120.5(4) 
C11-C12-C7 120.3(5) C57-C56-C61 119.3(4) 
C14-C13-C6 120.1(4) C57-C58-C59 119.3(4) 
C15-C16-C17 120.4(5) C59-C60-C67 119.0(4) 
O2-C19-C20 120.6(4) C62-C61-C56 121.9(4) 
C19-C20-C21 118.5(5) C64-C63-C62 120.2(5) 
C22-C21-C20 120.9(5) C65-C66-C61 120.6(5) 
C19-C24-C23 118.9(5) C68-C67-C60 121.0(4) 
C26-C25-C30 118.1(5) C69-C70-C71 120.3(5) 
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C27-C26-C25 120.3(5) C78-C73-C74 122.6(9) 
C28-C29-C30 120.1(6) C75-C76-C77 122.4(8) 
C32-C31-C24 121.1(4) C78-C77-C79 121.2(9) 
C32-C33-C34 120.3(5) C82-C81-C80 120.9(6) 
C35-C36-C31 121.7(4) C82-C83-C84 119.9(11) 
O3-Ce2-O3#2 109.26(18) O1#1-Ce1-O2 102.79(12) 
O3-Ce2-O4 110.02(12) O2-Ce1-O2#1 128.55(16) 
C37-O3-Ce2 161.5(3) O2-Ce1-C36#1 81.96(12) 
O3-C37-C38 119.3(4) O1#1-Ce1-C36 76.09(12) 
C37-C38-C43 122.6(4) C36#1-Ce1-C36 106.17(17) 
C39-C40-C41 120.8(5) O1-C1-C6 120.4(4) 
C37-C42-C49 123.2(4) C3-C2-C1 118.2(4) 
C44-C43-C38 120.2(5) C4-C3-C2 121.5(5) 
C46-C45-C44 119.8(7) C5-C6-C1 117.9(4) 
C47-C48-C43 121.5(6) C8-C7-C12 118.4(4) 
C54-C49-C42 121.5(4) C9-C8-C7 120.8(5) 
C51-C52-C53 119.3(5) C10-C11-C12 120.7(5) 
O4-C55-C60 120.4(4) C18-C13-C6 121.0(4) 
C57-C56-C55 118.7(4) C16-C15-C14 119.7(4) 
C58-C57-C56 121.9(5) C17-C18-C13 120.6(4) 
C59-C60-C55 119.8(4) C20-C19-C24 120.2(4) 
C62-C61-C66 119.4(5) C21-C20-C25 118.5(5) 
C61-C62-C63 119.4(5) C22-C23-C24 121.0(5) 
C64-C65-C66 120.8(5) C23-C24-C31 119.4(4) 
C72-C67-C60 121.5(4) C30-C25-C20 119.9(5) 
C70-C69-C68 119.8(5) C27-C28-C29 118.9(5) 
C67-C72-C71 121.7(5) C32-C31-C36 117.2(5) 
C74-C75-C76 118.3(9) C33-C32-C31 121.3(5) 
C76-C77-C79 121.3(9) C36-C35-C34 120.0(5) 
C82-C81-C82#3 118.2(12) C31-C36-Ce1 97.1(3) 
C81-C82-C83 122.6(10) O3#2-Ce2-O4#2 110.02(12) 
O1-Ce1-O2 108.98(12) O4#2-Ce2-O4 123.29(16) 
O1#1-Ce1-O2#1 108.98(12) O3-C37-C42 119.6(4) 
O1#1-Ce1-C36#1 175.24(13) C37-C38-C39 118.4(5) 
O1-Ce1-C36 175.24(13) C40-C39-C38 120.6(5) 
O2#1-Ce1-C36 81.96(12) C37-C42-C41 118.2(5) 
C19-O2-Ce1 150.7(3) C44-C43-C48 118.2(5) 
C6-C1-C2 120.8(4) C43-C44-C45 120.6(7) 
C1-C2-C7 121.9(4) C46-C47-C48 119.1(7) 
C4-C5-C6 122.0(5) C50-C49-C42 121.5(4) 
C1-C6-C13 121.8(4) C50-C51-C52 120.0(5) 
C12-C7-C2 118.7(5) C53-C54-C49 121.6(5) 
C11-C10-C9 119.4(5) C60-C55-C56 119.1(4) 
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C18-C13-C14 118.8(4) C55-C56-C61 121.9(4) 
C15-C14-C13 120.6(4) C60-C59-C58 120.8(4) 
C18-C17-C16 119.8(5) C55-C60-C67 121.2(4) 
O2-C19-C24 119.2(4) C66-C61-C56 118.7(4) 
C19-C20-C25 122.9(4) C65-C64-C63 119.7(5) 
C23-C22-C21 120.3(5) C72-C67-C68 117.2(4) 
C19-C24-C31 121.7(4) C69-C68-C67 121.8(5) 
C26-C25-C20 122.0(4) C70-C71-C72 119.1(5) 
C28-C27-C26 121.6(6) C73-C74-C75 119.5(9) 
C25-C30-C29 120.9(5) C76-C77-C78 117.5(8) 
C36-C31-C24 121.6(4) C73-C78-C77 119.6(9) 
C33-C34-C35 119.5(5) C82#3-C81-C80 120.9(6) 
C35-C36-Ce1 102.4(3) C83-C84-C83#3 116.9(13) 
O3-Ce2-O4#2 101.98(12) 
  Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,-y,z    #2 -x+1/2,-y+1,z    #3 -x,y,-z+3/2      
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2.6 Spectroscopic analysis 
  1
H NMR and 
13
C NMR spectra were obtained on a Bruker DMX–300 Fourier 
transform NMR spectrometer at 300 MHz and 91 MHz. Chemical shifts were recorded in 
units of parts per million referenced to residual solvent peaks (
1
H) or characteristic 
solvent peaks (
13
C). The UV-Visible absorption spectra were obtained from 1000–300 
nm using a Perkin Elmer 950 UV-Vis/NIR Spectrophotometer, and all samples were 
prepared under an N2 environment. 1 mm pathlength screw cap quartz cells were used 
with a blank measured before each run. Deconvolution of the UV-Vis spectra was 
performed using fityk.
59
 
 
 
 
Figure 2.6.1. 
1
H NMR of 2.1 in benzene-d6.   
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Figure 2.6.2. 
1
H NMR of 2.2 in benzene-d6. Adapted from work to be submitted to 
Dalton Transactions, 2014. 
 
 
Figure 2.6.3. 
1
H NMR of 2.3 in pyridine-d5. Adapted from work to be submitted to 
Dalton Transactions, 2014. 
60 
 
 
 
Figure 2.6.4. 
1
H (top) and 
13
C (bottom) NMRs of 2.4 in benzene-d6. Adapted from work 
to be submitted to Dalton Transactions, 2014. 
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Figure 2.6.5. NMR scale reaction of 2.3 with Ph3CCl in toluene-d8 (top) and THF-d8 
(bottom) in the presence of a ferrocene internal standard. Adapted from work to be 
submitted to Dalton Transactions, 2014. 
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Figure 2.6.6. 
1
H (top) and 
13
C (bottom) NMRs of 2.5 in benzene-d6. Adapted from work 
to be submitted to Dalton Transactions, 2014. 
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Figure 2.6.7. 
1
H (top) and 
13
C (bottom) NMRs of 2.6 in benzene-d6. Adapted from work 
to be submitted to Dalton Transactions, 2014. 
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Figure 2.6.8. Electronic absorption spectra of 2.4 (top), 2.5 (middle), and 2.6 (bottom) 
recorded in toluene. Experimental data is shown in blue, component fits used for spectral 
deconvolution are shown in red, and the sums of the component fits are shown in black. 
Reprinted from work to be submitted to Dalton Transactions, 2014. 
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2.7 Electrochemical analysis 
  Cyclic voltammetry experiments were performed using a CH Instruments 620D 
Electrochemical Analyzer/Workstation and the data were processed using CHI software v 
9.24. All experiments were performed in an N2 atmosphere drybox using electrochemical 
cells that consisted of a 4 mL vial, a glassy carbon (2 mm diameter) working electrode, a 
platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 
electrode. The working electrode surfaces were polished prior to each set of experiments. 
Potentials were reported versus ferrocene, which was added as an internal standard for 
calibration at the end of each run. Solutions employed during CV studies were ~1 mM in 
analyte and 100 mM in [
n
Pr4N][BAr
F
4]. All data were collected in a positive-feedback IR 
compensation mode. The solution cell resistances were measured prior to each run to 
ensure resistances ≤ ~500 Ω. 
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Figure 2.7.1. Top: Full scan cyclic voltammetry of compound 2.4 in DCM with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated cerium(III/IV) 
redox couple at varying scan rates. Bottom right: Current versus ν1/2 plot from the scan 
rate dependence of the isolated cerium(III/IV) couple. Cathodic features are shown in 
blue and anodic features are shown in red. Linearity shows that the redox couple is 
diffusion controlled, according to the Randles-Sevcik equation. Reprinted from work to 
be submitted to Dalton Transactions, 2014. 
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Figure 2.7.2. Top: Full scan cyclic voltammetry of compound 2.5 in DCM with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated cerium(III/IV) 
redox couple at varying scan rates. Bottom right: Current versus ν1/2 plot from the scan 
rate dependence of the isolated cerium(III/IV) couple. Cathodic features are shown in 
blue and anodic features are shown in red. Linearity shows that the redox couple is 
diffusion controlled, according to the Randles-Sevcik equation. Reprinted from work to 
be submitted to Dalton Transactions, 2014. 
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Figure 2.7.3. Top: Full scan cyclic voltammetry of compound 2.6 in DCM with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated cerium(III/IV) 
redox couple at varying scan rates. Bottom right: Current versus ν1/2 plot from the scan 
rate dependence of the isolated cerium(III/IV) couple. Cathodic features are shown in 
blue and anodic features are shown in red. Linearity shows that the redox couple is 
diffusion controlled, according to the Randles-Sevcik equation. Reprinted from work to 
be submitted to Dalton Transactions, 2014. 
 
 
 
 
69 
 
2.8 Computational details 
  Gaussian 09 Rev. A.02 was used for electronic structure calculations.
60
 The 
B3LYP hybrid DFT method was employed with a 28-electron small core pseudopotential 
on cerium with published segmented natural orbital basis sets incorporating quasi-
relativistic effects
61
 and the 6-31G* basis set on all other atoms. Geometry optimizations 
were carried out starting from the coordinates of the crystal structures. The frequency 
calculation indicated that the geometry was the minimum (no imaginary frequencies). 
Molecular orbitals were rendered with the program Chemcraft v1.6 at an isovalue of 
0.03.
62
 Natural population analysis was performed using the IOp(6/80=1) keyword in 
Gaussian 09.  
Table 2.8.1. Geometry optimized coordinates of compound 2.4. Reprinted from work to 
be submitted to Dalton Transactions, 2014. 
Atomic Number x y z 
58 0.000087 -0.000690 -0.001025 
14 2.259972 -0.744360 -2.265696 
1 1.535272 -1.866127 -1.566233 
14 1.760629 2.319779 -2.051310 
1 1.068961 3.154449 -1.022607 
14 2.259370 0.735951 2.269839 
1 1.543421 1.862200 1.569057 
14 1.742835 -2.325609 2.055578 
1 1.047578 -3.156293 1.025980 
14 -2.252755 2.272334 -0.743360 
1 -1.531723 1.571384 -1.866423 
14 -1.749760 2.058170 2.319879 
1 -1.059813 1.028512 3.154741 
14 -1.753802 -2.053515 -2.323308 
1 -1.058792 -1.026505 -3.157417 
14 -2.266637 -2.260496 0.739198 
1 -1.544206 -1.561913 1.862762 
7 1.474813 0.658004 -1.604898 
7 1.468260 -0.662393 1.607326 
7 -1.468958 1.607939 0.658161 
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7 -1.474657 -1.603560 -0.661362 
6 2.044911 -0.971733 -4.131253 
1 0.993865 -0.892604 -4.425680 
1 2.415504 -1.955401 -4.446106 
1 2.610653 -0.213950 -4.687852 
6 4.096087 -0.935269 -1.849807 
1 4.705128 -0.160915 -2.330848 
1 4.461858 -1.908942 -2.200472 
1 4.271088 -0.878334 -0.770736 
6 3.592114 2.807739 -2.023677 
1 4.056791 2.578826 -1.058266 
1 3.696545 3.886372 -2.197588 
1 4.167210 2.293092 -2.803332 
6 1.040742 2.772509 -3.743126 
1 1.541585 2.228839 -4.553384 
1 1.159110 3.845937 -3.939179 
1 -0.027388 2.534946 -3.794582 
6 4.098154 0.915794 1.860560 
1 4.700235 0.137451 2.343918 
1 4.468454 1.886977 2.213402 
1 4.277736 0.858295 0.782283 
6 2.040575 0.963319 4.135023 
1 0.988016 0.892777 4.426151 
1 2.418748 1.943275 4.452404 
1 2.597982 0.199803 4.692182 
6 3.571210 -2.825540 2.031153 
1 4.038699 -2.600561 1.066187 
1 3.668491 -3.904659 2.206277 
1 4.148537 -2.313820 2.811093 
6 1.017201 -2.772768 3.746420 
1 1.520591 -2.232185 4.557171 
1 1.127822 -3.846881 3.943131 
1 -0.049350 -2.527821 3.796194 
6 -4.090659 1.863716 -0.933239 
1 -4.270027 0.785181 -0.879831 
1 -4.456269 2.219303 -1.905173 
1 -4.696676 2.344547 -0.156395 
6 -2.031610 4.137391 -0.969444 
1 -2.596048 4.695373 -0.211716 
1 -2.400692 4.453853 -1.953162 
1 -0.979708 4.428517 -0.889625 
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6 -3.580369 2.037609 2.811451 
1 -4.153888 2.817788 2.295817 
1 -3.682385 2.214638 3.889802 
1 -4.048483 1.073135 2.585734 
6 -1.023074 3.748149 2.768645 
1 0.044465 3.795992 2.527642 
1 -1.137201 3.945242 3.842356 
1 -1.523107 4.559657 2.226143 
6 -3.583305 -2.026925 -2.818973 
1 -4.161050 -2.803699 -2.302931 
1 -3.683401 -2.206043 -3.897172 
1 -4.048312 -1.060121 -2.596665 
6 -1.032152 -3.746402 -2.769130 
1 0.034522 -3.797988 -2.525087 
1 -1.144239 -3.944352 -3.842871 
1 -1.536653 -4.555349 -2.226876 
6 -2.057301 -4.126491 0.968486 
1 -2.621376 -4.681745 0.208480 
1 -2.432542 -4.440302 1.950723 
1 -1.006687 -4.423515 0.893482 
6 -4.102566 -1.840403 0.922509 
1 -4.275969 -0.761354 0.861172 
1 -4.472325 -2.187252 1.896028 
1 -4.709497 -2.323377 0.147670 
 
 
Table 2.8.2. Comparison of calculated and crystallographically determined bond lengths 
and angles in compound 2.4. Reprinted from work to be submitted to Dalton 
Transactions, 2014. 
 Calculated Experimental 
Ce–N  (Å) 
2.27598 2.2378(11) 
2.27600 2.2438(11) 
2.27603 2.2488(11) 
2.27620 2.2574(11) 
N–Ce–N (o)  
99.413 98.35(4) 
99.447 99.47(4) 
114.656 113.89(4) 
114.691 114.03(4) 
114.724 115.70(4) 
114.782 116.33(4) 
τ4 0.925 0.908 
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Figure 2.8.1. Calculated frontier molecular orbitals in compound 2.4. Reprinted from 
work to be submitted to Dalton Transactions, 2014.  
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Table 2.8.3. Geometry optimized coordinates of compound 2.5. Reprinted from work to 
be submitted to Dalton Transactions, 2014. 
Atomic Number x y z 
58 0.322625 -0.036490 0.003111 
7 -1.666907 1.894205 0.060432 
7 -2.083294 -1.418519 -0.078313 
8 -0.107567 -0.043983 2.135446 
8 1.347116 -1.882162 -0.033965 
8 -0.065241 0.107772 -2.134445 
8 1.816296 1.458014 0.051109 
6 -1.992192 2.592612 -1.039876 
6 -2.952620 3.603135 -1.037024 
6 -3.610484 3.898660 0.156747 
6 -3.282117 3.171020 1.300463 
6 -2.304836 2.181330 1.206878 
6 0.310945 -0.110767 3.485236 
6 0.096710 1.261720 4.152806 
6 -0.524976 -1.179171 4.216795 
6 1.802574 -0.489215 3.546467 
6 1.999322 -3.132872 -0.059186 
6 3.498347 -2.913477 0.212541 
6 1.798383 -3.776005 -1.443474 
6 1.384970 -4.035085 1.027524 
6 -2.599766 -1.993554 1.020097 
6 -3.775559 -2.742261 0.999396 
6 -4.448875 -2.898551 -0.212080 
6 -3.919863 -2.298788 -1.354671 
6 -2.736574 -1.570465 -1.241984 
6 0.379114 0.076670 -3.477085 
6 -0.197602 -1.170321 -4.175515 
6 -0.110837 1.347723 -4.198200 
6 1.918155 0.024612 -3.513385 
6 2.791434 2.477005 0.084833 
6 4.166083 1.856727 -0.222943 
6 2.801404 3.120895 1.483199 
6 2.434183 3.538592 -0.972792 
1 -1.460143 2.313605 -1.942837 
1 -3.175645 4.141175 -1.953186 
1 -4.364954 4.679918 0.194702 
1 -3.768577 3.364297 2.251572 
1 -2.003777 1.586037 2.062594 
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1 0.645212 2.037135 3.608295 
1 0.443481 1.258391 5.193631 
1 -0.966728 1.530004 4.154672 
1 -1.591175 -0.925018 4.173735 
1 -0.238882 -1.261182 5.272695 
1 -0.382228 -2.159440 3.747606 
1 1.966509 -1.457303 3.062068 
1 2.160093 -0.552563 4.581856 
1 2.402357 0.258249 3.016873 
1 3.926693 -2.251563 -0.548043 
1 4.051005 -3.861068 0.199111 
1 3.641506 -2.442491 1.191076 
1 0.729249 -3.895344 -1.652210 
1 2.274388 -4.762815 -1.498671 
1 2.230152 -3.141954 -2.225193 
1 1.515298 -3.584109 2.017163 
1 1.853529 -5.026962 1.036657 
1 0.311120 -4.161744 0.849091 
1 -2.042380 -1.833062 1.936675 
1 -4.149550 -3.189279 1.915299 
1 -5.368179 -3.475751 -0.264427 
1 -4.409147 -2.391919 -2.319303 
1 -2.275900 -1.084607 -2.095772 
1 0.095388 -2.076172 -3.634714 
1 0.162385 -1.252950 -5.208575 
1 -1.293232 -1.126177 -4.205358 
1 -1.206121 1.401412 -4.175778 
1 0.207072 1.362756 -5.248075 
1 0.291424 2.241481 -3.707417 
1 2.335692 0.896366 -2.999556 
1 2.295770 0.012083 -4.543474 
1 2.278945 -0.873371 -3.000768 
1 4.402716 1.080824 0.513347 
1 4.961247 2.612237 -0.198818 
1 4.160168 1.392219 -1.214994 
1 1.808975 3.519292 1.722183 
1 3.526700 3.942160 1.539124 
1 3.064505 2.379145 2.244873 
1 2.417217 3.091272 -1.972615 
1 3.159531 4.361555 -0.975813 
1 1.440657 3.953676 -0.768360 
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Table 2.8.4. Comparison of calculated and crystallographically determined bond lengths 
and angles in compound 2.5. Reprinted from work to be submitted to Dalton 
Transactions, 2014. 
 Calculated Experimental 
Ce–O  (Å) 
2.11127 2.0897(13) 
2.11350 2.0897(13) 
2.17531 2.1203(12) 
2.17725 2.1203(12) 
Ce–N (Å) 
2.77292 2.6733(14) 
2.77580 2.6733(14) 
O–Ce–O (o) 
95.817 96.72(5) 
96.325 96.72(6) 
96.888 96.83(5) 
97.304 96.83(5) 
105.999 103.41(8) 
158.029 158.05(8) 
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Figure 2.8.2. Calculated frontier molecular orbitals in compound 2.5. Reprinted from 
work to be submitted to Dalton Transactions, 2014. 
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Table 2.8.5. Geometry optimized coordinates of compound 2.6. Reprinted from work to 
be submitted to Dalton Transactions, 2014. 
Atomic Number x y z 
58 0.000000 0.000000 0.000303 
8 0.359348 1.697144 -1.244584 
8 -1.697887 0.358879 1.244398 
6 0.419586 2.670842 -2.170707 
6 1.385258 3.706463 -2.056498 
6 1.403005 4.725978 -3.019597 
1 2.150434 5.509359 -2.928709 
6 0.518966 4.729544 -4.094346 
1 0.555434 5.524288 -4.833987 
6 -0.405989 3.696061 -4.214844 
1 -1.106990 3.687617 -5.045023 
6 -0.481627 2.665364 -3.268145 
6 2.408730 3.747596 -0.976140 
6 2.607935 4.925653 -0.236068 
1 1.952645 5.776091 -0.406726 
6 3.628789 5.014990 0.712036 
1 3.759867 5.934301 1.276949 
6 4.474778 3.927706 0.936907 
1 5.268613 3.994525 1.675709 
6 4.287988 2.749875 0.209175 
1 4.939205 1.896506 0.379170 
6 3.264352 2.659423 -0.734927 
1 3.137869 1.750602 -1.312565 
6 -1.511688 1.608177 -3.465362 
6 -1.580564 0.922490 -4.689952 
1 -0.823890 1.115587 -5.444940 
6 -2.596828 0.000457 -4.942204 
1 -2.625963 -0.523029 -5.894375 
6 -3.575982 -0.245630 -3.977927 
1 -4.374327 -0.955617 -4.175979 
6 -3.523154 0.434054 -2.759251 
1 -4.295653 0.279204 -2.010963 
6 -2.495858 1.343926 -2.498720 
1 -2.493755 1.896495 -1.565828 
6 -2.671605 0.418882 2.170507 
6 -3.707483 1.384280 2.056287 
6 -4.727160 1.401617 3.019210 
1 -5.510781 2.148787 2.928232 
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6 -4.730629 0.517461 4.093863 
1 -5.525518 0.553566 4.833363 
6 -3.696819 -0.407118 4.214480 
1 -3.688259 -1.108150 5.044635 
6 -2.665952 -0.482316 3.267948 
6 -3.748749 2.407827 0.976024 
6 -2.661060 3.264263 0.735534 
1 -1.752457 3.138361 1.313651 
6 -2.751758 4.287990 -0.208454 
1 -1.898786 4.939882 -0.377865 
6 -3.929344 4.474040 -0.936777 
1 -3.996345 5.267953 -1.675480 
6 -5.016140 3.627244 -0.712603 
1 -5.935272 3.757773 -1.277934 
6 -4.926569 2.606316 0.235397 
1 -5.776654 1.950447 0.405592 
6 -1.608254 -1.511804 3.465355 
6 -0.922603 -1.580177 4.689985 
1 -1.116149 -0.823503 5.444859 
6 0.000000 -2.595902 4.942353 
1 0.523446 -2.624701 5.894555 
6 0.246686 -3.574977 3.978153 
1 0.957127 -4.372899 4.176285 
6 -0.432943 -3.522614 2.759415 
1 -0.277534 -4.295051 2.011172 
6 -1.343345 -2.495824 2.498746 
1 -1.895781 -2.493977 1.565782 
8 -0.359348 -1.697144 -1.244584 
8 1.697887 -0.358879 1.244398 
6 -0.419586 -2.670842 -2.170707 
6 -1.385258 -3.706463 -2.056498 
6 -1.403005 -4.725978 -3.019597 
1 -2.150434 -5.509359 -2.928709 
6 -0.518966 -4.729544 -4.094346 
1 -0.555434 -5.524288 -4.833987 
6 0.405989 -3.696061 -4.214844 
1 1.106990 -3.687617 -5.045023 
6 0.481627 -2.665364 -3.268145 
6 -2.408730 -3.747596 -0.976140 
6 -2.607935 -4.925653 -0.236068 
1 -1.952645 -5.776091 -0.406726 
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6 -3.628789 -5.014990 0.712036 
1 -3.759867 -5.934301 1.276949 
6 -4.474778 -3.927706 0.936907 
1 -5.268613 -3.994525 1.675709 
6 -4.287988 -2.749875 0.209175 
1 -4.939205 -1.896506 0.379170 
6 -3.264352 -2.659423 -0.734927 
1 -3.137869 -1.750602 -1.312565 
6 1.511688 -1.608177 -3.465362 
6 1.580564 -0.922490 -4.689952 
1 0.823890 -1.115587 -5.444940 
6 2.596828 -0.000457 -4.942204 
1 2.625963 0.523029 -5.894375 
6 3.575982 0.245630 -3.977927 
1 4.374327 0.955617 -4.175979 
6 3.523154 -0.434054 -2.759251 
1 4.295653 -0.279204 -2.010963 
6 2.495858 -1.343926 -2.498720 
1 2.493755 -1.896495 -1.565828 
6 2.671605 -0.418882 2.170507 
6 3.707483 -1.384280 2.056287 
6 4.727160 -1.401617 3.019210 
1 5.510781 -2.148787 2.928232 
6 4.730629 -0.517461 4.093863 
1 5.525518 -0.553566 4.833363 
6 3.696819 0.407118 4.214480 
1 3.688259 1.108150 5.044635 
6 2.665952 0.482316 3.267948 
6 3.748749 -2.407827 0.976024 
6 2.661060 -3.264263 0.735534 
1 1.752457 -3.138361 1.313651 
6 2.751758 -4.287990 -0.208454 
1 1.898786 -4.939882 -0.377865 
6 3.929344 -4.474040 -0.936777 
1 3.996345 -5.267953 -1.675480 
6 5.016140 -3.627244 -0.712603 
1 5.935272 -3.757773 -1.277934 
6 4.926569 -2.606316 0.235397 
1 5.776654 -1.950447 0.405592 
6 1.608254 1.511804 3.465355 
6 0.922603 1.580177 4.689985 
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1 1.116149 0.823503 5.444859 
6 0.000000 2.595902 4.942353 
1 -0.523446 2.624701 5.894555 
6 -0.246686 3.574977 3.978153 
1 -0.957127 4.372899 4.176285 
6 0.432943 3.522614 2.759415 
1 0.277534 4.295051 2.011172 
6 1.343345 2.495824 2.498746 
1 1.895781 2.493977 1.565782 
 
 
Table 2.8.6. Comparison of calculated and crystallographically determined bond lengths 
and angles in compound 2.6. Reprinted from work to be submitted to Dalton 
Transactions, 2014. 
 Calculated Experimental 
Ce–O  (Å) 
2.13522 2.101(3) 
2.13522 2.101(3) 
2.13527 2.108(3) 
2.13527 2.108(3) 
O–Ce–O (o) 
108.673 101.97(16) 
108.727 102.79(12) 
109.844 102.79(12) 
109.844 108.98(12) 
109.872 108.98(12) 
109.872 128.55(16) 
τ4 0.995 0.869 
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Figure 2.8.3. Calculated frontier molecular orbitals in compound 2.6. Reprinted from 
work to be submitted to Dalton Transactions, 2014. 
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Chapter 3: 
Synthesis and analysis of a family of cerium(IV) halide 
and pseudohalide compounds 
 
3.1 Introduction 
Few studies have systematically considered the effect of ligands on the properties 
of the cerium ion in its tetravalent oxidation state. One of the simplest families of ligands 
to consider are the halides, which are well explored in cerium(III) chemistry and 
lanthanide chemistry in general, but which are much less developed in cerium(IV) 
chemistry. In molecular chemistry, cerium(IV) chloride complexes have been isolated 
using a variety of ancillary ligand platforms.
1-5
 In contrast, the reported examples of 
molecular cerium(IV) complexes containing terminal halide ligands include just two 
examples of cerium(IV) bromide and two examples of cerium(IV) iodide complexes.
2,6,7
 
It is therefore desirable to pursue new cerium(IV) halide complexes and to demonstrate 
the chemical consequences of these bonding motifs. 
The bis(trimethylsilyl)amide ligand has been well explored in lanthanide 
coordination chemistry. The high degree of steric bulk it confers to lanthanide complexes 
encourages formation of well defined low coordinate architectures.
8
 The syntheses of 
silylamide cerium(IV) molecular complexes through one electron oxidation have been 
shown to be dependent on choice of oxidant and reaction conditions. Nonetheless, access 
89 
 
to cerium(IV) complexes of the bis(trimethylsilyl)amide ligand include oxidation of 
Ce[N(SiMe3)2]3 to yield CeX[N(SiMe3)3]2 (X = Cl
–
, Br
–
).
1,2,4
 
Interestingly, despite these developments in cerium(IV) halide molecular 
chemistry, no molecular cerium(IV) fluoride complexes have been reported. While many 
examples of metal fluoride coordination compounds have been reported in transition 
metal chemistry,
9-12
 main group chemistry,
13-15
 and actinide chemistry,
4,16-18
 few examples 
are known in lanthanide chemistry.
19
 The highly electropositive nature of the lanthanides 
promotes strong bonding with hard fluoride ions, stabilizing divalent, trivalent, and 
tetravalent lanthanide fluoride materials.
20,21
 To date, several examples of terminal 
trivalent lanthanide fluorides have been reported in molecular chemistry.
22-26
 Considering 
the predominantly ionic nature of lanthanide ligand bonding, we reasoned that a 
lanthanide coordination complex containing a terminal fluoride ligand bound to a 
cerium(IV) ion would maximize the ionicity of the metal-ligand bond and could therefore 
serve as a novel source of nucleophilic fluoride.  
As part of a general interest in the effect of ligand environments on the stability of 
high valent cerium,
27-30
 we used the bis(trimethylsilyl)amide ligand scaffold to synthesize 
the first molecular cerium(IV) fluoride compound. Chemical, electrochemical, 
spectroscopic, and computational characterization of this compound were used to 
describe its electronic structure and potential as a source of nucleophilic fluoride. Taking 
advantage of the reactivity of this cerium(IV) fluoride compound, we have described new 
routes to the previously reported compounds CeCl[N(SiMe3)2]3 and CeBr[N(SiMe3)2]3 as 
well as the synthesis of the previously unreported compound CeI[N(SiMe3)2]3. We also 
synthesized pseudohalide cerium(IV) coordination compounds in the 
90 
 
bis(trimethylsilyl)amide ancillary ligand environment. With the newly synthesized series 
of halide and pseudohalide cerium(IV) silylamide compounds in hand, we completed 
electrochemical, spectroscopic, and computational analyses in order to describe the 
implications of halide and pseudohalide coordination to the cerium(IV) center. 
 
3.2 Results and discussion 
3.2.1 Synthesis and structural analysis of CeF[N(SiMe3)2]3 
Noting that Ph3CCl was used successfully by Arnold and co-workers in the 
oxidation of Ce[N(SiMe3)2]3,
4
 we reacted Ce[N(SiMe3)2]3 (3.1) with the fluoride 
containing oxidants Ph3CBF4 and Ph3CPF6 in hexanes (Scheme 3.2.1). These reactions 
induced a color change from yellow to dark red. 
1
H NMR analysis in benzene-d6 showed 
conversion to a single product, evidenced by a sharp singlet at +0.39 ppm in the 
1
H NMR 
spectrum. The 
13
C NMR spectrum of the reaction mixture revealed a resonance at +4.75 
ppm, while the 
19
F NMR showed a singlet at +312.3 ppm. Based on this data, we 
assigned the reaction product as CeF[N(SiMe3)2]3 (3.2-F), which we isolated in 50% 
yield. This reaction differed from the attempted oxidation of compound 3.1 with AgBF4, 
from which only starting material was recovered.
2
 Like the trityl cation, ferrocenium 
reagents also proved to be viable oxidants for 3.1, and reactions of 3.1 with FcBF4 or 
FcPF6 similarly led to formation of 3.2-F. These reactions likely proceeded by oxidation 
of the cerium(III) cation followed by fluoride abstraction from the weakly coordinating 
anions BF4
–
 or PF6
–
. Reaction conditions that included THF solvent and a PF6
–
 containing 
oxidant led to THF polymerization over the course of several hours, providing evidence 
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for the formation of the PF5 by-product.
31
 With compound 3.2-F in hand, we turned to its 
characterization and bonding analysis. 
 
Scheme 3.2.1. Synthesis of CeF[N(SiMe3)2]3 (3.2-F). Reprinted with permission from 
Inorganic Chemistry 2014, 53, 27. Copyright 2014, American Chemical Society. 
 
Compound 3.2-F crystallized with two molecules in its asymmetric unit (Figure 
3.2.1). Both molecules showed approximate C3 symmetry about the Ce–F bond axis. As 
expected, the terminal Ce–F bond distances in 3.2-F of 2.065(6) and 2.065(7) Å were 
shorter than the reported terminal cerium(III) fluoride bonds in CeF(DippForm)2(THF) 
and CeFCp'2 (2.1217(15) and 2.165(2) Å, respectively)
24,32
 and the reported terminal 
cerium(IV) fluoride bonds that were present in crystallographically characterized 
extended lattices (2.182(2) and 2.184(7) Å).
33,34
 The Ce–N bond distances in 3.2-F 
ranged from 2.201(10)–2.254(9) Å, which were shorter than the Ce–N bond distances in 
the trivalent compound 3.1 (2.320(3) Å)
35
 and  slightly longer than the Ce–N bond 
distances in the tetravalent compounds CeCl[N(SiMe3)2]3 and CeBr[N(SiMe3)2]3 
(2.217(3) and 2.219(7) Å, respectively).
1,2
 The cerium cations in 3.2-F were displaced 
from the planes formed by the three nitrogen atoms by 0.166(5) and 0.197(5) Å. This was 
a geometric difference from CeCl[N(SiMe3)2]3 and CeBr[N(SiMe3)2]3 in which the steric 
repulsion between the larger halide ions and the bis(trimethylsilyl)amide ligands led to 
displacements of the cations from the nitrogen atom planes by 0.365(3) and 0.373(9) Å, 
respectively.
1,2
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Figure 3.2.1. 30% probability thermal ellipsoid plot of one molecule in the asymmetric 
unit of 3.2-F. Hydrogen atoms have been removed for clarity. Selected bond distances 
(Å): Ce(1)–F(1): 2.065(7); Ce(1)–N(1): 2.229(9); Ce(1)–N(2): 2.241(9); Ce(1)–N(3): 
2.254(9). Reprinted with permission from Inorganic Chemistry 2014, 53, 27.  Copyright 
2014, American Chemical Society. 
 
Structural characterization of the previously reported compound UF[N(SiMe3)2]3 
(3.3)
36
 was completed for comparison to the bonding metrics in 3.2-F. Compound 3.3 
was isostructural but not isomorphous with compound 3.2-F and showed very similar 
metal-ligand bond distances, as expected based on the similarity of the ionic radii of 
cerium(IV) and uranium(IV) ions, which vary by just 0.02 Å.
37
 The crystal structure of 
3.3 had a U–F bond distance of 2.0649(12) Å and U–N bond distances that ranged from 
2.2498(16) to 2.2533(16) Å (Figure 3.2.2).  
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Figure 3.2.2. 30% probability thermal elliposoid plot of 3.3. Hydrogen atoms have been 
removed for clarity. Selected bond distances (Å): U(1)–F(1): 2.0649(12); U(1)–N(1): 
2.2498(16); U(1)–N(2): 2.2533(16); U(1)–N(3): 2.2530(15). Reprinted with permission 
from Inorganic Chemistry 2014, 53, 27.  Copyright 2014, American Chemical Society. 
 
Table 3.2.1. Comparison of bonding metrics in the crystal structures of 3.2-F and 3.3. 
Adapted with permission from Inorganic Chemistry 2014, 53, 27.  Copyright 2014, 
American Chemical Society. 
 3.2-F 3.3 
M–F Å) 2.065(6), 2.065(7) 2.0649(12) 
M–N (Å) 2.201(10)–2.254(9) 2.2498(16)–2.2533(16) 
F–M–N (o) 92.6(3)–95.9(3) 91.88(5)–93.26(5) 
N–M–N (o) 115.9(3)–122.5(3) 117.50(6)–121.06(6) 
M–N3 plane (Å) 0.166(5), 0.197(5) 0.1158(9) 
 
 Dissolution of 3.2-F in acetonitrile led to solvation via coordination of the nitrile 
group to the bottom face of the cerium(IV) ion. Nitrile coordination to a cerium(IV) 
tris(silylamide) complex has been previously observed in CeCl[N(SiMe2)2]3(p-OMe-
C6H4-CN).
3
 The acetonitrile adduct, CeF[N(SiMe3)2]3(MeCN) (3.2-F∙MeCN) was 
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crystallized from a concentrated solution of 3.2-F in acetonitrile at –35 oC. The 
crystallographically determined structure (Figure 3.2.3) contained two molecules in the 
asymmetric unit and showed more pronounced displacement of the cerium ions from the 
planes of the silylamide nitrogen atoms (0.265106(19) and 0.238127(17) Å) than the 
solid state structure of 3.2-F. The Ce–F bond distances of 2.110(5) and 2.107(6) Å were 
slightly elongated compared to those in 3.2-F and the Ce–Namide bond distances that 
ranged from 2.202(10)–2.264(10) Å were consistent within error to those observed in 
3.2-F.  Upon application of vacuum, 3.2-F∙MeCN desolvated, leaving 3.2-F as the 
isolated product.  
 
Figure 3.2.3. 30% probability thermal ellipsoid plot of one molecule in the asymmetric 
unit of 3.2-F∙MeCN. Hydrogen atoms have been removed for clarity. Selected bond 
distances (Å): Ce(1)–F(1): 2.110(5); Ce(1)–N(1): 2.264(10); Ce(1)–N(2): 2.238(7); 
Ce(1)–N(3): 2.264(10); Ce(1)–N(4): 2.657(8). 
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 A chemical reaction containing both 3.2-F and CsF in THF resulted in 
precipitation of single crystals of Cs(THF)2{CeF2[N(SiMe3)2]3} (3.2-F∙CsF). As shown in 
Figure 3.2.4, this compound formed a coordination polymer in the solid state, with 
Cs(THF)2 units bridging CeF2[N(SiMe3)2]3 units through F–Cs–F interactions. The 
cerium ion was displaced only slightly from the plane of the nitrogen atoms, at a distance 
of 0.020(5) Å. The Ce–F bond distances (2.159(3) and 2.161(3) Å) were longer than 
those observed in 3.2-F due to their bridging rather than terminal coordination. The Ce–N 
bond distances ranged from 2.263(4)–2.276(4) Å and were likewise slightly longer than 
those in 3.2-F since the cerium ion in 3.2-F∙CsF was five coordinate rather than four 
coordinate. The cesium ions interacted symmetrically with the F(1) and F(2) atoms at 
distances of 2.907(3) Å.  
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Figure 3.2.4. 30% probability thermal ellipsoid plot of the asymmetric unit of 3.2-F∙CsF 
(top) and of two molecular units in the structure of 3.2-F∙CsF, showing polymerization 
through the F–Cs–F interactions (bottom). Hydrogen atoms have been removed for 
clarity. Selected bond distances (Å): Ce(1)–F(1): 2.159(3); Ce(1)–F(2): 2.161(3); Ce(1)–
N(1): 2.265(4); Ce(1)–N(2): 2.276(4); Ce(1)–N(3): 2.263(4); Cs(1)–F(1): 2.907(3); 
Cs(1)–F(2): 2.907(3). 
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3.2.2 Electrochemical and spectroscopic characterization of CeF[SiMe3)2]3 
In the context of isolating and characterizing 3.2-F, we revisited the solution 
electrochemistry of its parent complex, 3.1. Electrochemical analysis of 3.1 in THF with 
0.1 M [
n
Pr4N][BAr
F
4] showed a quasi-reversible feature at E1/2 = +0.35 V versus Fc/Fc
+
 
(Figure 3.2.5). Given the oxidation potentials of the trityl and ferrocenium cations at –
0.11 and 0.00 V, respectively,
38
 the electrochemical analysis of 3.1 suggested that the 
chemical oxidations employed in the synthesis of 3.2-F would not be thermodynamically 
accessible. To explain the disparity between the chemical and electrochemical oxidations 
of 3.1, we hypothesize that pre-coordination of fluorinated anions to the cerium ion made 
chemical oxidations more accessible by increasing the electron density at the cerium 
cation. Electrochemical analysis of 3.2-F performed in a THF solution of [
n
Pr4N][BAr
F
4] 
exhibited a quasi-reversible redox feature with E1/2 = –0.56 V versus Fc/Fc
+
 and a wave 
separation of 0.26 V (Figure 3.2.5). This feature was shifted 0.91 V to more reducing 
potentials compared to the cerium(III/IV) couple for 3.1 due to the more electron rich 
ligand environment in compound 3.2-F.  
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Figure 3.2.5. Isolated cerium(III/IV) redox couples in the cyclic voltammograms of 3.1 
and 3.2-F in THF with 0.1 M [
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM. ν = 0.05 V/sec. 
Adapted with permission from Inorganic Chemistry 2014, 53, 27. Copyright 2014, 
American Chemical Society. 
 
The electronic absorption spectrum of a solution of 3.2-F collected in THF 
(Figure 3.2.6) revealed several broad features in the UV/Visible region centered at 476, 
357, and 217 nm with molar absorptivities of 5590, 2860, and 2620 M
–1
cm
–1
, 
respectively. These features were assigned as ligand-to-metal charge transfer (LMCT) 
bands, which have been observed in the visible region for cerium(IV) complexes.
28,39
 IR 
spectroscopy performed on 3.2-F revealed a band at 493 cm
–1
 (Figure 3.2.7) that was 
assigned to the Ce–F stretching mode on the basis of comparison to reported Ln–F bond 
vibrations that range from 470–585 cm–1 and the U–F stretching mode of 509 cm–1 in 
UF[N(SiMe3)2]3 (3.3).
36,40
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Figure 3.2.6. Electronic absorption spectrum of 3.2-F (blue) in THF, component fits used 
for spectral deconvolution (red), and sum of component fits (black). Reprinted with 
permission from Inorganic Chemistry 2014, 53, 27. Copyright 2014, American Chemical 
Society. 
 
 
3.2.3 Computational analysis of CeF[N(SiMe3)2]3 
Electronic structure calculations of compound 3.2-F were performed in order to 
describe the nature of the Ce–F bond. The geometry optimized gas phase structure of 3.2-
F and the calculated IR spectrum were found to be in excellent agreement with 
experimental results (Figure 3.2.7).  
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Figure 3.2.7. IR spectrum of 3.2-F (blue) collected in a KBr pellet. Ce–F: 493 cm-1. 
Calculated IR spectrum of 3.2-F (red). Ce–F: 516 cm-1. Reprinted with permission from 
Inorganic Chemistry 2014, 53, 27. Copyright 2014, American Chemical Society. 
 
The highest occupied molecular orbitals in compound 3.2-F were largely 
composed of contributions from the bis(trimethylsilyl)amide ligand atomic orbitals, and 
the calculated LUMO–LUMO+6 in compound 3.2-F were primarily cerium 4f-character. 
These molecular orbitals are shown in Figures 3.2.8 and 3.2.9. 
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Figure 3.2.8. Calculated HOMO–2, HOMO–1, and HOMO molecular orbitals in 3.2-F. 
Reprinted with permission from Inorganic Chemistry 2014, 53, 27. Copyright 2014, 
American Chemical Society. 
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Figure 3.2.9. Calculated LUMO–LUMO+6 molecular orbitals in 3.2-F. Reprinted with 
permission from Inorganic Chemistry 2014, 53, 27. Copyright 2014, American Chemical 
Society. 
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The electron distributions in the cerium ligand bonds were described through the 
use of natural population and NBO analyses and AOMix calculations. A negative natural 
charge of the fluorine atom was expected given the results of previously calculated 
cerium(IV) fluoride bonds.
4,41
 The natural charge of the fluorine atom in 3.2-F of –0.540 
and the calculated Mayer bond order of the Ce–F bond of 0.853 indicated ionic bonding 
with electron density polarized toward the fluoride ligand. The Ce–F bonding interaction 
in 3.2-F was described by several calculated natural bond orbitals, each of which was 
composed of >95% fluorine atomic orbitals. In contrast, electronic structure calculations 
of isostructural uranium-containing compound 3.3 showed a slightly larger Mayer bond 
order of 0.912 for the U–F bond, demonstrating a more covalent metal halide interaction 
in 3.3 compared to 3.2-F. Evidence of increased covalency of uranium ligand bonding 
compared to cerium ligand bonding has been previously observed.
4,42
  
AOMix calculations were used to identify the molecular orbitals that contained 
significant contributions from the fluorine atomic orbitals. The results of this analysis are 
shown in Table 3.2.2. The 2s and 2p atomic orbitals on the fluoride ligand were strongly 
localized in low lying filled molecular orbitals, which showed minimal contributions 
from p, d, and f atomic orbitals on cerium (Figure 3.2.10). The molecular orbitals with 
significant contributions from 2p atomic orbitals on fluorine are shown in Figure 3.2.11. 
In total, the bonding analysis of 3.2-F implied the expected predominantly ionic 
interaction between the cerium and fluoride ions in 3.2-F. 
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Table 3.2.2. Cerium and fluorine atomic orbital contributions to selected molecular 
orbitals in 3.2-F. Atomic orbital contributions >1% are listed. Reprinted with permission 
from Inorganic Chemistry 2014, 53, 27. Copyright 2014, American Chemical Society. 
Molecular Orbital Energy (eV) Ce AO contributions F AO contributions 
HOMO–90 -30.5334 s: 7.18 s: 90.72 
HOMO–87 -23.1429 p: 85.16 s: 8.12, p: 2.71 
HOMO–23 -9.9578 p: 3.06, d: 7.12, f: 2.31 p: 78.76 
HOMO–22 -9.9194 d: 4.16, f: 1.87 p: 79.16 
HOMO–21 -9.9128 d: 4.16, f: 1.80 p: 75.65 
HOMO–2 -6.2848 p: 1.76, d: 2.14, f: 4.39  
HOMO–1 -6.2834 p: 1.85, d: 1.81, f: 5.03  
HOMO -6.2715 p: 1.14, f: 7.24  
LUMO -3.1313 d: 1.66, f: 93.37  
LUMO+1 -3.1283 d: 1.80, f: 93.05  
LUMO+2 -3.0452 d: 3.51, f: 92.05  
LUMO+3 -3.0431 f: 96.18  
LUMO+4 -3.0366 f: 95.35  
LUMO+5 -2.9855 f: 91.94  
LUMO+6 -2.9134 s: 3.91, f: 88.83  
LUMO+8 0.4753 d: 80.66 p: 3.35 
LUMO+9 0.4770 s: 3.09, d: 78.43 p: 3.21 
 
 
Figure 3.2.10. Calculated HOMO–90 and HOMO–87 molecular orbitals in 3.2-F. 
Reprinted with permission from Inorganic Chemistry 2014, 53, 27. Copyright 2014, 
American Chemical Society. 
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Figure 3.2.11. Calculated HOMO–23, HOMO–22 and HOMO–21 molecular orbitals in 
3.2-F. Adapted with permission from Inorganic Chemistry 2014, 53, 27. Copyright 2014, 
American Chemical Society. 
 
3.2.4 Chemical reactivity of CeF[N(SiMe3)2]3 
The implication of the ionic nature of the Ce–F bonding interaction in 3.2-F was 
explored in preliminary reactivity studies. The reaction of 3.2-F with Me3Si–Cl in THF at 
room temperature showed 90% conversion to Me3Si–F over 15 h, with CeCl[N(SiMe3)2]3 
as the cerium containing product (Scheme 3.2.2).
1
 This preliminary reaction showed 
attack by fluoride at the electrophilic component of the substrate, demonstrating that the 
fluoride ion in 3.2-F is nucleophilic and reactive as a result of the ionic nature of the Ce–
F bond. 
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Scheme 3.2.2. Reaction of 3.2-F with TMS–Cl.  
 
3.2.5 Synthesis and structural characterization of cerium(IV) halide complexes  
Taking advantage of silicon-fluorine bond formation as a thermodynamic driving 
force, compound 3.2-F was reacted with Me3Si–X (X = Cl
–
, Br
–
, I
–
), resulting in 
conversion to CeX[N(SiMe3)2]3 (X = Cl
–
 (3.2-Cl), Br
–
 (3.2-Br), I
–
 (3.2-I)) and Me3Si–F 
(Scheme 3.2.3). Crystallization from concentrated hexanes solutions at –35 oC led to 
isolation of pure products as judged by 
1
H NMR spectroscopy and combustion analysis.  
 
Scheme 3.2.3. Synthesis of compounds 3.2-Cl, 3.2-Br, and 3.2-I. Reprinted from work 
submitted to Inorganic Chemistry, 2014. 
 
All of the compounds crystallize solvent free from hexanes. Full X-ray 
crystallographic analysis was performed on the previously unreported complex, 3.2-I, 
and compared to the solid state structures of 3.2-F (Figure 3.2.1), 3.2-Cl,
1,2
 and 3.2-Br.
2
 
The structure of 3.2-I is depicted in Figure 3.2.12, and the crystallographically 
determined structural parameters for compounds 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I are 
compiled in Table 3.2.3. 
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Figure 3.2.12. 30% probability thermal ellipsoid plot of compound 3.2-I. Hydrogen 
atoms have been removed for clarity. Selected bond lengths: Ce(1)–N(1): 2.2153(9) Å, 
Ce(1)–I(1): 2.9980(2) Å. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
 
Table 3.2.3. Comparison of bonding metrics from the crystallographically determined 
structures of 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I. (a) data reported in reference 1. (b) N* = 
N(SiMe3)2. Adapted from work submitted to Inorganic Chemistry, 2014. 
Complex M–N* (Å)b M–X (Å)  M–N*3 (Å)  
3.2-F
 2.201(10)– 
2.254(9)  
2.065(6),  
2.065(7) 
0.166(5), 
0.197(5) 
3.2-Cl
a 
2.217(3)  2.597(2) 0.365(3) 
3.2-Br
a 
2.219(7) 2.7662(17) 0.373(9) 
3.2-I 2.2153(9) 2.9980(2) 0.3539(10) 
 
Compounds 3.2-Cl, 3.2-Br, and 3.2-I crystallized in the rhombohedral R3c space 
group with crystallographically imposed C3 symmetry axes along the Ce–X bond 
vectors.
1,2
 Compound 3.2-F crystallized in the monoclinic P21/c space group with two 
molecules in the asymmetric unit and displayed approximate C3 symmetry along the Ce–
108 
 
X bond vectors. The Ce–N* (N* = N(SiMe3)2) bond distances present in compounds 3.2-
Cl, 3.2-Br, and 3.2-I were equivalent within experimental error and intermediate to the 
range of Ce–N* bond distances present in compound 3.2-F. As expected, the Ce–X bonds 
lengthened with coordination of larger heteroatoms (Ce–F in 3.2-F < Ce–Cl in 3.2-Cl < 
Ce–Br in 3.2-Br < Ce–I in 3.2-I). As a result of the interactions between the coordinated 
halide ligand and the bulky bis(trimethylsilyl)amide ligands, the compounds showed 
increasing pyramidilization with increasing size of the halide ligand (3.2-F < 3.2-Cl < 
3.2-Br) as evidenced by the increased displacement of the cerium ion from the plane 
formed by the amide nitrogen atoms. Compound 3.2-I showed an exception to this trend, 
and was slightly less pyramidilized than 3.2-Cl and 3.2-Br despite the large size of the 
iodide ligand since the long Ce–I bond distance (2.9980(2) Å) reduced steric bulk in the 
complex. This Ce–I bond distance in 3.2-I was shorter than the Ce–I bond distances in 
reported molecular cerium(IV) iodide complexes of 3.1284(6) and 3.1414(11) Å.
6,7
 
3.2.6 Spectroscopic characterization of cerium(IV) halide complexes 
NMR analysis of compounds 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I in benzene-d6 
showed sharp spectral features at chemical shifts consistent with the formally 
diamagnetic nature of the complexes. The 
1
H NMR shifts ranged from 0.39–0.49 ppm 
and trended according to the electron-rich nature of the halide, with the more electron 
donating halides leading to less deshielding of the bis(trimethylsilyl)amide protons (δ 
3.2-F < δ 3.2-Cl < δ 3.2-Br < δ 3.2-I). The 13C NMR shifts ranged from 4.75–6.44 ppm 
and displayed a similar trend. 
In the infrared region of the absorption spectra, compounds 3.2-F, 3.2-Cl, 3.2-Br, 
and 3.2-I showed very similar features in the fingerprint region corresponding to 
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vibrations of the silylamide ligand environment. The Ce–X stretch was observed 
experimentally only in the case of 3.2-F (at 493 cm
-1
) (Figure 3.2.7). The remaining Ce–
X stretches were beyond the low energy limit of the spectrometer.  
The electronic absorption spectra of 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I collected in 
hexanes revealed broad transitions in the UV/Visible region (Figure 3.2.13). These 
features were assigned as ligand-to-metal charge transfer (LMCT) transitions and are 
characteristic of cerium(IV) coordination compounds.
7,27,28,30,39,43
 The related homoleptic 
cerium(IV) silylamide complex Ce[N(SiHMe2)2]4 underwent LMCT transitions at 19,084 
and 22,727 cm
-1
.
44
 Based on this comparison, the LMCT features centered at ~20,000 cm
-
1
 and ~27,000 cm
-1
 were assigned from donation of electron density from the silylamide 
ligands to the cerium cation. In the spectra of 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I, the high 
energy feature varied by 2200 cm
-1
 and the low energy feature varied by 2602 cm
-1 
(Table 
3.2.4). Considering that these LMCT transitions described a transfer of electron density 
from filled orbitals with primarily silylamide ligand character to vacant 4f metal orbitals, 
the variability of these features indicated that the identity of the halide ligand impacted 
the donating ability of the silylamide ligands. The coordination of smaller, more electron-
rich halides to the cerium center stabilized the ground electronic state of the complex, 
resulting in higher energy LMCT transitions as a result of an increased energy difference 
between the ground and excited states. 
 
110 
 
 
Figure 3.2.13. The electronic absorption spectra of 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I, 
collected in hexanes. Adapted from work submitted to Inorganic Chemistry, 2014. 
 
Table 3.2.4. LMCT transition energies and molar absorptivities from the electronic 
absorption spectra of 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I. Adapted from work submitted to 
Inorganic Chemistry, 2014. 
Complex E (cm
-1) / ε (M-1cm-1) 
3.2-F 21100 / 5932 28102 / 2891 
3.2-Cl 19880 / 3826 27460 / 2524 
3.2-Br 19147 / 438 25499 / 3089 
3.2-I 18896 / 4698 26191 / 3291 
 
3.2.7 Electrochemical characterization of cerium(IV) halide complexes 
Electrochemical analysis was undertaken in order to describe the effect of the 
ligand environment on the thermodynamic stability of the cerium(IV) cation. 
Electrochemical data was collected in THF with 0.1 M [
n
Pr4N][BAr
F
4]. Electrochemical 
data for compound 3.2-I was not available; the compound decomposed to 
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Ce[N(SiMe3)2]3 upon dissolution in THF and was therefore unstable under the 
experimental conditions. Comparing the electrochemical behavior of 3.1 (Figure 3.2.5) to 
those of the halide functionalized products demonstrated that the electron rich, 
electronegative halide ligands stabilized the cerium(IV) center, reflected in the shift of the 
cerium(III/IV) couple to more reducing potentials (Figure 3.2.14 and Table 3.2.5). 
Compound 3.2-F was stabilized by 0.25 V compared to 3.2-Cl and 3.2-Br, which were 
observed at comparable potentials of –0.30 and –0.31 V, respectively. The similarity in 
the reducing ability of 3.2-Cl and 3.2-Br was consistent with a reported family of 
cerium(IV) aryloxide compounds.
7
 
As seen in Figure 3, the more sterically restricted coordination environments in 
compounds containing the larger halide ligands resulted in more reversible 
electrochemical features, indicated by the small values of ΔE. The steric demand of the 
complexes containing large halide ligands (2-Br > 2-Cl > 2-F)  reduced the 
reorganization energy and led to reduced overpotentials.
27,45,46
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Figure 3.2.14. Isolated Ce(III/IV) redox couple in the cyclic voltammograms of 3.2-F, 
3.2-Cl, and 3.2-Br collected in THF with 0.1 M [
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν 
= 0.05 V/sec. Adapted from work submitted to Inorganic Chemistry, 2014. 
 
Table 3.2.5. Electrochemical data for compounds 3.1, 3.2-F, 3.2-Cl, and 3.2-Br collected 
in THF with 0.1 M [
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.05 V/sec. (a) data 
reported in reference 27. Adapted with permission from work submitted to Inorganic 
Chemistry, 2014. 
Complex E1/2 (V vs. Fc/Fc
+
)
 ΔE (V) 
3.1
 +0.35
 
0.64
 
3.2-F
 –0.56 0.26 
3.2-Cl
a –0.30 0.15 
3.2-Br –0.31 0.08
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3.2.8 Computational analysis of CeX[N(SiMe3)2]3 (X = F
–
, Cl
–
, Br
–
, I
–
) 
Electronic structure calculations of compounds 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I 
were performed using Gaussian 09 at the B3LYP level of theory in order to describe the 
nature of metal ligand bonding in the complexes. The geometry optimized gas phase 
structures were found to be in excellent agreement with the crystallographically 
determined bond lengths and bond angles. In each complex, the LUMO–LUMO+6 
molecular orbitals were primarily non-bonding 4f orbitals localized on the cerium atom. 
Figure 3.2.15 shows the calculated electronic manifold for each complex and depictions 
of molecular orbitals that include metal ligand orbital overlap.    
The silylamide ligands in compounds 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I interacted 
with the cerium ion through both σ and π donation. The molecular orbitals involved in 
electron donation via Ce–N σ and π interactions are shown in the top-most orbitals 
depicted for each complex in Figure 3.2.15. The trends in the energy differences between 
the molecular orbitals with significant Ce–N interactions and the LUMO orbital in each 
complex (3.2-F > 3.2-Cl > 3.2-Br > 3.2-I) were largely consistent with the trends 
observed in the lower and higher energy LMCT transitions in the electronic absorption 
spectra (Figure 3.2.13).  
The bonding interactions between the cerium ion and the halide ligands in 
compounds 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I were largely ionic in all cases, but molecular 
orbitals with overlap of atomic orbitals in both the σ and π orientations were observed. 
These molecular orbitals are depicted in the bottom-most orbitals represented for each 
compound in Figure 3.2.15. The metal halide bonding interactions in the σ orientation 
showed increased overlap in compounds containing the heavier halides due to 
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contributions from more diffuse valence atomic orbitals. In contrast, the metal halide 
interactions in the π orientation observed in 2-F and 2-Cl were minimized in the 
compounds containing the heavier halide ligands. 
 
Figure 3.2.15. Normalized computationally determined valence orbital diagrams of 3.2-
F, 3.2-Cl, 3.2-Br, and 3.2-I. The diagrams have been normalized to the molecular 
orbitals containing Ce–N σ interactions. Occupied molecular orbitals are shown in blue 
and unoccupied molecular orbitals are shown in red. The molecular orbitals that show 
Ce–X and Ce–N interactions in the σ and π orientations are shown. From top to bottom, 
Ce–N π interactions, Ce–N σ interactions, Ce–X π interactions, and Ce–X σ interactions. 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
Using natural population analysis, natural charges of the cerium and halide ions 
and the Ce–X Mayer bond orders were calculated in order to describe the ionicity of the 
metal-halide bonds in compound 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I (Table 3.2.6). These 
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metrics indicated a decrease in the ionicity of the metal-halide bonds when the cerium ion 
interacted with the heavier halide ions. The observed decrease in the natural charges of 
the amide nitrogens in complexes containing heavier halides indicated that the identity of 
the halide impacted the interaction between the cerium and the amide ligands, as was 
observed spectroscopically. Previous comparison of reduction potentials and bonding 
metrics for cerium(IV) molecular complexes has indicated that no correlation exists 
between the degree of bond ionicity and the thermodynamic stability of the cerium(IV) 
ion.
44
 Likewise, comparison of the bonding metrics shown in Table 3.2.6 with the 
electrochemical data shown in Figure 3.2.14 and Table 3.2.5 did not indicate a correlation 
between the degree of ionicity of the Ce–X bond and the thermodynamic stability of the 
cerium(IV) ion.  
Table 3.2.6. Natural charges and Mayer bond orders calculated for 3.2-F, 3.2-Cl, 3.2-Br, 
and 3.2-I.  Adapted from work submitted to Inorganic Chemistry, 2014. 
Complex qCe qX qN (avg.) MBOCe–X 
3.2-F 2.081 –0.540 –1.649 0.853 
3.2-Cl 1.902 –0.460 –1.628 1.028 
3.2-Br 1.859 –0.410 –1.626 0.951 
3.2-I 1.840 –0.421 –1.622 1.064 
 
3.2.9 Synthesis and characterization of cerium(IV) pseudohalide complexes 
In an attempt to extend this series of compounds to include the azide congener 
Ce(N3)[N(SiMe3)2]3, 3.2-F was reacted with Me3Si–N3 in THF at R.T., followed by 
crystallization from a cold hexanes solution. As seen in Scheme 3.2.4, this route did lead 
to anion exchange as was the case in the syntheses of 3.2-Cl, 3.2-Br, and 3.2-I, but the 
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reaction in this case formed the dimeric compound {Ce[N(SiMe3)2]3(μ-
N3)Ce[N(SiMe3)2]3(N3)} (3.2-N3) (Scheme 3.2.4). 
 
Scheme 3.2.4. Synthesis of compound 3.2-N3. Adapted from work submitted to 
Inorganic Chemistry, 2014. 
 
Crystallographic analysis of compound 3.2-N3 revealed its dimeric structure with 
two CeN*3 fragments bridged by an azide anion in an end-to-end coordination mode and 
containing a second, terminal azide ligand (Figure 3.2.16). Compound 3.2-N3 crystallized 
in the rhombohedral R3 space group and displayed crystallographically imposed C3 
symmetry along the axis containing both cerium ions and all three nitrogen atoms of each 
azide ligand. The Ce–N* bond distances of 2.2362(18) and 2.2000(18) Å were similar to 
the Ce–N* distances present in 3.2-F, 3.2-Cl, 3.2-Br, and 3.2-I. The molecular unit 
included a linear cerium azide axis with bond angles ranging from 180.000(1)–
180.000(5)
o
. Of the two cerium(IV) azide complexes that have been previously reported 
in literature, both contained bent Ce–N–N bond angles ranging from 133.4(2)–
144.8(3)
o
.
7,47
 Compound 3.2-N3 packed with all of the cerium azide bond vectors aligned 
along the crystallographic c-axis. The solid state packing of 3.2-N3 revealed an 
intermolecular contact between the outermost nitrogen in the terminal azide ligand and 
the four coordinate cerium ion at a distance of 4.806(8) Å (Figure 3.2.16). 
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Figure 3.2.16. 30% probability thermal ellipsoid plot of compound 3.2-N3 (left). 
Hydrogen atoms have been removed for clarity. Selected bond lengths: Ce(1)–N(1): 
2.2362(18) Å, Ce(2)–N(2): 2.2000(18) Å, Ce(1)–N(6): 2.250(4) Å, Ce(2)–N(5): 2.379(4) 
Å, Ce(1)–N(3): 2.665(4) Å, N(3)–N(4): 1.139(8) Å, N(4)–N(5): 1.214(7) Å, N(6)–N(7): 
2.215(5) Å, N(7)–N(8) 1.132(9) Å. Selected bond angles: N(8)–N(7)–N(6): 180.000(5)o, 
N(7)–N(6)–Ce(1): 180.000(1)o, Ce(1)–N(3)–N(4): 180.000(1)o, N(3)–N(4)–N(5): 
180.000(3)
o
, N(4)–N(5)–Ce(2): 180.000(1)o. Packing of 2-N3 along the crystallographic 
c-axis (right). The dashed line shows the intermolecular contact between N(8) and Ce(2) 
at a distance of 4.806(8) Å. Adapted from work submitted to Inorganic Chemistry, 2014. 
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 An attempt to synthesize 3.2-N3 through in situ oxidation of 3.1 followed by 
anion exchange resulted in isolation of the –ate complex, Fc{Ce(N3)2[N(SiMe3)2]3} (3.2-
N3∙FcN3). A proposed reaction scheme that leads from the reactants, 3.1, FcBF4, and 
Me3Si–N3, to the isolated product is shown in Scheme 3.2.5. 
 
Scheme 3.2.5. Proposed intermediates in the isolation of compound 3.2-N3∙FcN3. 
 
 Compound 3.2-N3∙FcN3 crystallized in the triclinic P   space group with two 
molecules in the asymmetric unit. Compound 3.2-N3∙FcN3 was a charge separated 
species with Fc
+
 cations and Ce(N3)2[N(SiMe3)2]3
–
 anions in the crystallographic lattice. 
The crystallographically determined structure of one of the complex anions in 3.2-
N3∙FcN3 is shown in Figure 3.2.17. The crystallographically imposed or approximate C3 
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symmetry that was observed in 3.2-F, 3.2-Cl, 3.2-Br, 3.2-I, and 3.2-N3 was not present in 
3.2-N3∙FcN3 as a result of the nonlinear N3–Ce–N3 axis. The Ce–N* bond distances 
ranged from 2.232(3)–2.248(3) Å and were similar to the Ce–N* distances present in 3.2-
F and elongated compared to the Ce–N* bond distances in 3.2-Cl, 3.2-Br, 3.2-I, and 3.2-
N3. Each of the anions in the asymmetric unit included two terminal azide ligands. One of 
the anions contained one linearly coordinated azide ligand and one bent azide 
coordination mode (Ce(1)–N(4)–N(5): 175.9(4)o, Ce(1)–N(7)–N(8): 154.0(3)o). The other 
anion contained two azide ligands coordinated approximately linearly (Ce(1)'–N(4)'–
N(5)': 173.0(4)
o
, Ce(1)'–N(7)'–N(8)': 172.4(3)o). The Ce–Nazide bond distances ranged 
from 2.320(4)–2.369(4) Å. The differences in azide coordination to the bottom and top 
faces of each anion led to very slight displacement of the cerium ions from the planes 
formed by the amide nitrogen atoms (0.0389(3) and 0.0274(4) Å). 
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Figure 3.2.17. 30% probability thermal ellipsoid plot of one of the 
{Ce(N3)2[N(SiMe3)2]3}
–
 anions in the asymmetric unit of the crystal structure of 
compound 3.2-N3∙FcN3. Selected bond lengths: Ce(1)–N(1): 2.240(3) Å, Ce(1)–N(2): 
2.244(3) Å, Ce(1)–N(3): 2.237(3) Å, Ce(1)–N(4): 2.325(4) Å, Ce(1)–N(7): 2.369(4) Å, 
N(4)–N(5): 1.172(5) Å, N(5)–N(6): 1.150(6) Å, N(7)–N(8) 1.188(5) Å, N(8)–N(9): 
1.160(6) Å. Selected bond angles: N(4)–N(5)–N(6): 178.3(6)o, N(5)–N(4)–Ce(1): 
175.9(4)
o
, N(4)–Ce(1)–N(7): 176.72(13)o, Ce(1)–N(7)–N(8): 154.0(3)o, N(7)–N(8)–N(9): 
179.5(6)
o
.  
 
A second pseudohalide anion, NCS
–
, was coordinated to the cerium(IV) ion 
through a distinct reaction pathway; reaction of 3.2-Cl with NaSCN resulted in 
metathesis and isolation of Ce(NCS)[N(SiMe3)2]3 (3.2-NCS) following workup from 
hexanes (Scheme 3.2.6). The solid state structure of compound 3.2-NCS is shown in 
Figure 3.2.18. Compound 3.2-NCS crystallized in the monoclinic P21/c space group and 
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displayed approximate C3 symmetry along the Ce(1)–N(4) bond vector. The Ce–N* bond 
distances ranged from 2.2020(14) to 2.2225(14) Å and were similar to the Ce–N* 
distances present in 3.2-F, 3.2-Cl, 3.2-Br, 3.2-I, and 3.2-N3. In the solid state structure of 
3.2-NCS, the cerium ion was displaced from the plane formed by the amide nitrogen 
atoms by only 0.0855(8) Å. The cerium ion was bonded to the –NCS ligand in an 
approximately linear orientation; the Ce(1)–N(4)–C(19) angle was 175.44(16)o and the 
N(4)–C(19)–S(1) angle was 178.9(2)o. A single example of a cerium(IV) isothiocyanate 
has been previously reported, which displayed bent Ce–N–C bond angles (154.6(3)o and 
154.0(3)
o
) and longer Ce–N bond distances (2.414(4) and 2.421(3) Å) than that observed 
in 3.2-NCS (2.3055(15) Å).
7
 
 
Scheme 3.2.6. Synthesis of compound 3.2-NCS. Adapted from work submitted to 
Inorganic Chemistry, 2014. 
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Figure 3.2.18. 30% probability thermal ellipsoid plot of compound 3.2-NCS. Hydrogen 
atoms have been removed for clarity. Selected bond lengths: Ce(1)–N(1): 2.2141(14) Å, 
Ce(1)–N(2): 2.2225(14) Å, Ce(1)–N(3): 2.2020(14) Å, Ce(1)–N(4): 2.3066(15) Å. 
Selected bond angles: S(1)–C(19)–N(4): 178.9(2)o; C(19)–N(4)–Ce(1): 175.44(16)o. 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
Table 3.2.7. Comparison of bonding metrics from the crystallographically determined 
structures of 3.2-N3 and 3.2-NCS. Adapted from work submitted to Inorganic Chemistry, 
2014. 
Complex M–N* (Å) M–X (Å)  M–N*3 (Å)  
3.2-N3 
2.2362(18), 
2.2000(18) 
2.250(4), 
2.379(4) 
0.1017(19), 
0.4920(19) 
3.2-NCS 
2.2020(14)– 
2.2225(14)  
2.3066(15)  0.0855(8) 
 
In the infrared region of the absorption spectra, compounds 3.2-N3 and 3.2-NCS 
showed similar features in the fingerprint region compared to the spectra of 3.2-F, 3.2-Cl, 
3.2-Br, and 3.2-I, corresponding to vibrations of the silylamide ligand environment. 
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Compound 3.2-N3 showed two azide asymmetric stretching modes at 2103 cm
-1
 and 2085 
cm
-1
. The presence of both bands indicated that the dimer was intact in the Nujol mull, 
and the similarity of these features indicated that the neutral donation of the bridging 
azide ligand to the planarized cerium(IV) ion had only a marginal effect on the 
electronics of the bridging azide compared to the terminal azide. While the crystal 
structure of the related complex, U(N3)[N(SiMe3)2]3, has not been reported, the similarity 
in the reported IR spectrum of this complex suggests that it adopts the same dimeric 
structure as 3.2-N3.
36
 DFT calculations of monomeric Ce(N3)[N(SiMe3)2]3 predicted an 
asymmetric stretch at 2236 cm
-1
. The symmetric stretch and bend of the azide ligand were 
computationally predicted at 1427 and 599 cm
-1
, respectively. The symmetric stretching 
modes in 3.2-N3 were masked by Nujol in the experimentally determined spectrum, and 
the azide bending modes were unobserved due to coincidence with silylamide vibrations. 
Compound 3.2-NCS showed features at 2009 cm
-1
 and 490 cm
-1
 corresponding to 
stretching and bending modes of the –NCS ligand, respectively, which were 
computationally predicted at 2060 and 492 cm
-1
.  
The solution structure of 3.2-N3 was not well defined. Following isolation of 3.2-
N3, dissolution in benzene-d6 or pyridine-d5 resulted in loss of HN(SiMe3)2, as identified 
by 
1
H NMR analysis. Considering the ambiguous identity of the compound following this 
decomposition, further analysis of the solution state properties of 3.2-N3 was not pursued.   
1
H and 
13
C NMR analysis of monomeric 3.2-NCS revealed sharp peaks at 0.36 
and 4.90 ppm in benzene-d6. As expected in comparison to the absorption spectra of 3.2-
F, 3.2-Cl, 3.2-Br, and 3.2-I, the electronic absorption spectra of 3.2-NCS collected in 
124 
 
hexanes revealed two broad features in the visible region at energies of 20,046 and 
25,726 cm
-1
, assigned as LMCT transitions arising from donation of electron density 
from the silylamide ligands to the cerium cation. 
Electrochemical analysis of 3.2-NCS was performed in THF with 0.1 M 
[
n
Pr4N][BAr
F
4]. Compound 3.2-NCS showed a reversible metal based redox event at E1/2 
= –0.29 V versus Fc/Fc+ (Figure 3.2.19 and Table 3.2.8). The comparable reduction 
potentials of cerium(IV) chloride, bromide, and isothiocyanate compounds was 
previously noted in a conserved aryloxide ancillary ligand framework.
7
 The scan rate 
dependent analysis of 3.2-NCS showed loss of the return oxidation feature at slow scan 
rates (Figure 3.2.19). This behavior was consistent with an EC mechanism, in which an 
as yet unidentified chemical process followed the electrochemical reduction.
48,49
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Figure 3.2.19. Isolated Ce(III/IV) redox couple in the cyclic voltammogram of 3.2-NCS 
collected in THF with 0.1 M [
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 1.0 V/sec (top); ν 
= 0.25 V/sec and 0.05 V/sec (bottom left). The ratio of ipa/ipc versus scan rate is consistent 
with an EC mechanism (bottom right).
48,49
 Adapted from work submitted to Inorganic 
Chemistry, 2014. 
 
 
Table 3.2.8. Electrochemical data for compound 3.2-NCS collected in THF with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 1.0 V/sec.  
Complex E1/2 (V vs. Fc/Fc
+
)
 ΔE (V) 
3.2-NCS –0.29 0.08
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3.2.10 Protonolysis of CeX[N(SiMe3)2]3 (X = F
–
, Cl
–
) 
 We sought to explore whether complexes of the form CeX[N(SiMe3)2]3 could 
undergo protonolysis of the silylamide ligands and retain both the cerium(IV) oxidation 
state and the halide or pseudohalide functionality. Compound 3.2-F was reacted with tert-
butanol and pyridine in hexanes. Following workup procedures, yellow crystals of a 
reaction product were isolated and identified as Ce(O
t
Bu)4(py)2 (3.4) by crystallographic 
analysis. This compound has been previously isolated through rational metathesis and 
protonolysis reactions.
44,50,51
 These synthetic routes to compound 3.4 are shown in 
Scheme 3.2.7. While the protonolysis of 3.2-F proceeded without reduction of the metal 
center and with successful protonation of the silylamide ligands and coordination of tert-
butoxide ligands, substantial ligand redistribution resulted in isolation of the 
tetrakis(alkoxide) product.  
 
Scheme 3.2.7. Synthesis of compound 3.4 by protonolysis of 3.2-F (top) and by other 
methods reported in literature.
44,50,51
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 In contrast, reaction of compound 3.2-Cl with tert-butanol and pyridine in 
hexanes led to successful protonolysis of the silylamide ligands with retention of the 
chloride functionality. This rational reaction scheme led to isolation of a cerium(IV) 
alkoxide product, {Ce(O
t
Bu)3(py)µ-Cl}2 (3.5) (Scheme 3.2.8). Compound 3.5 crystallized 
in the monoclinic P21/c space group. The crystal structure, shown in Figure 3.2.20, 
contained one dimeric molecule in the asymmetric unit. The Ce–O bond lengths ranged 
from 2.052(7)–2.070(8) Å and were consistent within error to the Ce–O bond distances 
observed in compound 3.4.
44,51
 The chloride ions bridged the two cerium ions 
asymmetrically at bond distances of 2.827(3) and 2.873(3) Å. Due to the bridging 
interactions, the Ce–Cl bond distances in 3.5 were longer than reported terminal 
cerium(IV) chloride bond distances in the reported compounds 3.2-Cl (2.597(2) Å),
1
 
Cp3CeCl (2.666(7) Å),
3
 CeCl[N(
i
Pr2PO)2]3 (2.6852(9) Å),
5
 and 
Li3(THF)5[CeCl(BINOLate)3] (2.667(2) Å).
27
 As expected, the Ce–Cl bond distances in 
3.5 were shorter than the Ce–Cl bond distance in a mixed valent cerium(III/IV) dimer, 
{Ce(NN'3)(μ-Cl)}2 (NN'3 = [N(CH2CH2N(SiMe2
t
Bu))3]
3–
) (3.0080(3) Å).
6
 
 
 
Scheme 3.2.8. Synthesis of compound 3.5 by protonolysis of 3.2-Cl. 
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Figure 3.2.20. 30% probability thermal ellipsoid plot of compound 3.5. Hydrogen atoms 
have been removed for clarity. Selected bond lengths: Ce(1)–O(1): 2.070(8) Å, Ce(1)–
O(2): 2.052(7) Å, Ce(1)–O(3): 2.066(8) Å, Ce(1)–N(1): 2.653(10) Å. Ce(1)–Cl(1): 
2.827(3) Å, Ce(1)'–Cl(1): 2.873(3) Å. Selected bond angles: Ce(1)–Cl(1)–Ce(1)': 
103.74(9)
o
. 
 
 The ligand redistribution that occurred in the formation of 3.4 from 3.2-F 
compared to the rational synthesis of 3.5 highlighted the lability of the fluoride ligand. 
Thus, despite substantial thermodynamic stabilization of the cerium(IV) oxidation state 
(evidenced electrochemically, Figures 3.2.5 and 3.2.14 and Table 3.2.5), the highly ionic 
nature of the Ce–F interaction introduced a kinetic preference for rearrangement upon 
protonolysis.  
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3.3 Summary 
We have demonstrated the isolation of the first molecular species containing a 
terminal fluoride ligand bound to high valent cerium, which was characterized by X-ray 
diffraction, spectroscopy, electrochemistry, and DFT. Our results support the expected 
ionicity of the cerium(IV) fluoride bond. Based on its ionic bonding, the terminal fluoride 
was determined to be nucleophilic in halogen exchange reactions toward silicon reagents. 
We have taken advantage of this reactivity in order to synthesize CeX[N(SiMe3)2]3 (X = 
Cl
–
, Br
–
) through new synthetic routes and to isolate CeI[N(SiMe3)2]3 for the first time. 
This series of complexes represents the first complete family of cerium(IV) halide 
compounds in a concerted ancillary ligand framework. We have also extended this series 
to include complexes of the pseudohalide ions, N3
–
 and NCS
–
. 
Spectroscopic analysis demonstrated that the complexes showed silylamide based 
ligand-to-metal charge transfer transitions in the visible region of the spectrum and that 
these transitions varied by ~2000 cm
-1
 depending on the identity of the coordinated halide 
or pseudohalide ligand. Electrochemical analysis of CeX[N(SiMe3)2]3 (X = F
–
, Cl
–
, Br
–
, 
NCS
–
) indicated that the stabilization of the cerium(IV) ion depended on the identity of 
the halide or pseudohalide ligand, and that the electron rich fluoride ligand stabilized the 
cerium(IV) ion more than the other ligands. Computational analysis of the compounds 
demonstrated that the cerium(IV) halide bonds are highly ionic, but that both σ and π 
bonding modes are apparent in the calculated molecular orbitals. Bonding in the π 
orientation dominated the Ce–X interactions in complexes of the smaller, more electron 
rich halides, and σ bonding was a more notable interaction for the larger halides with 
more diffuse electron clouds.  
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A preliminary reactivity study showed that the silylamide ligands in 
CeX[N(SiMe3)2]3 (X = F
–
, Cl
–
) were reactive towards protonolyis with tert-butanol. In 
reactions with both the fluoride and chloride congeners, the cerium(IV) oxidation state 
was maintained. However, differences in the extent of ligand redistribution dictated the 
identity of the isolated product and pointed to differences in the lability of the halide 
ligands. This preliminary reactivity raises questions of kinetic consequences of 
cerium(IV) halide bonding, which is a potentially rich area of future research. 
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3.4 Experimental section 
3.4.1 Methods 
All reactions and manipulations were performed under an inert atmosphere (N2) 
using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system. 
Glassware was oven-dried for 3 hours at 150 °C prior to use. Elemental analyses were 
performed at the University of California, Berkeley Microanalytical Facility using a 
Perkin-Elmer Series II 2400 CHNS analyzer. 
3.4.2 Materials  
THF, hexanes, acetonitrile, and fluorobenzene were purchased from Fisher 
Scientific. These solvents were sparged for 20 min with dry argon and dried using a 
commercial solvent purification system comprising two columns packed with Q5 reactant 
and neutral alumina respectively (hexanes and acetonitrile), one column of neutral 
alumina (fluorobenzene), or two columns of neutral alumina (THF). Ph3CBF4 (Sigma 
Aldrich), FcBF4 (Sigma Aldrich), mesitylene (Sigma Aldrich), Ph3CPF6 (Alfa Aesar), 
Ph3CCl (Acros Organics), CsF, TMS-CF2H (Oakwood Chemical) and Me3Si–N3 (Acros 
Organics) were purchased and used as received. Me3Si–Cl was purchased from Acros 
Organics and degassed before use. NaSCN was dried at 150 
o
C overnight before use. 
Ferrocene (Fc) was purchased from Acros Organics and purified by sublimation before 
use. Benzene-d6 was purchased from Cambridge Isotopes and dried over potassium 
mirror for 24 hours before use. Tert-butanol and pyridine were purchased from Fisher 
Scientific, degassed, and dried over 4 Å molecular sieves before use. FcPF6,
52
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Ce[N(SiMe3)2]3,
8
 UF[N(SiMe3)2]3,
36
 [
n
Pr4N][B(3,5-(CF3)2-C6H3)4] ([
n
Pr4N][BAr
F
4]),
53
 
Me3Si–Br,
54
 and Me3Si–I
54
 were prepared according to literature procedures.  
3.4.3 Synthesis of CeF[N(SiMe3)2]3 (3.2-F) 
NMR scale synthesis of CeF[N(SiMe3)2]3 (3.2-F) 
 1.0 mL of a stock solution containing 48.3 mM Ce[N(SiMe3)2]3 and 143.7 mM 
mesitylene in benzene-d6 was added to a reaction vessel with 1 equiv oxidant (0.048 
mmol). The reaction was stirred at R.T. for 1 h. The reaction was monitored by 
1
H NMR 
to measure conversion to product. Oxidant = FcPF6: 89% conversion; oxidant = Ph3CPF6: 
76% conversion; oxidant = FcBF4: 98% conversion; oxidant = Ph3CBF4: 80% 
conversion. 
Preparative scale synthesis of CeF[N(SiMe3)2]3 (3.2-F)   
0.531 g (1.608 mmol) Ph3CBF4 was added to a solution of 1.00 g (1.61 mmol) 
Ce[N(SiMe3)2]3 dissolved in ~12 mL hexanes, causing a color change to dark red. The 
reaction mixture was stirred at room temperature for 1 h, then filtered through a Celite-
packed coarse porosity fritted filter and dried under reduced pressure. The product was 
crystallized from a clear solution of ~5 mL hexanes and 3 drops THF at –35 °C. The 
mother liquor was removed by decantation and the crystals were dried under reduced 
pressure. A second crop of pure compound was isolated by drying the mother liquor 
under reduced pressure, redissolving the solid in ~3 mL hexanes with 2 drops of THF, 
and chilling the solution at –35 °C overnight. The two batches of isolated crystals were 
combined, redissolved in ~5 mL hexanes, filtered over a Celite packed coarse porosity 
fritted filter, and dried under reduced pressure. On standing at room temperature, 
solutions of CeF[N(SiMe3)2]3 decompose over the course of several days to 
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Ce[N(SiMe3)2]3 and as yet unidentified diamagnetic products. Total isolated yield: 0.520 
g (0.812 mmol, 50%). Anal. Calcd. for CeC18H54N3Si6F: C, 33.76; H, 8.50; N, 6.56. 
Found: C, 33.74; H, 8.51; N, 6.37. 
1
H NMR (benzene-d6): δ 0.39 (s, 54H, Si(CH3)3). 
13
C{
1
H} NMR (benzene-d6): 4.75 (Si(CH3)3). 
19
F NMR (benzene-d6): +312.34 (Ce–F).  
Alternate preparative scale synthesis of CeF[N(SiMe3)2]3 (3.2-F)  
0.220 g (0.806 mmol) FcBF4 was added to a solution of 0.500 g (0.805 mmol) 
Ce[N(SiMe3)2]3 dissolved in ~10 mL hexanes, causing a color change to dark red. The 
reaction mixture was stirred at room temperature for 2 h, then dried under reduced 
pressure. The reaction mixture was resuspended in ~5 mL MeCN, filtered over a medium 
porosity fritted filter, washed with ~3 mL MeCN, and dried under reduced pressure. The 
isolated red powder was extracted with ~10 mL hexanes, filtered through a celite-packed 
coarse porosity fritted filter, and dried under reduced pressure to isolate pure product as a 
microcrystalline dark red solid. Total isolated yield: 0.253 g (0.395 mmol, 49%).  
3.4.4 Synthesis of UF[N(SiMe3)2]3 (3.3) 
UF[N(SiMe3)2]3 was synthesized as previously reported.
36
 Diffraction quality 
crystals were grown from concentrated hexanes at –21 oC. 
3.4.5 Synthesis of CeF[N(SiMe3)2]3(MeCN) (3.2-F∙MeCN) 
0.053 g (0.161 mmol) Ph3CBF4 was added to a solution of 0.100 g (0.161 mmol) 
Ce[N(SiMe3)2]3 dissolved in ~3 mL MeCN. A color change from clear yellow to dark red 
was observed. The reaction was stirred for 1 hour at R.T., then filtered through a celite-
packed coarse porosity fritted filter and chilled at –35 oC overnight to induce 
crystallization. Colorless and dark red crystals precipitated from the solution. A dark red 
single crystal was characterized by single X-ray diffractometry. 
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3.4.6 Synthesis of Cs(THF)2{CeF2[N(SiMe3)2]3} (3.2-F∙CsF) 
 0.050 g (0.078 mmol) CeF[N(SiMe3)2]3 and 0.011 g (0.072 mmol) CsF were 
added to a vial with ~3 mL THF, forming a dark red mixture. 0.11 mL (0.777 mmol) 
Me3Si–CF2H was added dropwise and stirred at R.T. overnight. Volatiles were removed 
under reduced pressure and washed with 2 × 2 mL hexanes. The remaining solid was 
redissolved in ~0.5 mL THF, layered with ~1 mL hexanes, and chilled at –21 oC 
overnight to induce crystallization. The orange crystals that precipitated were insoluble in 
benzene-d6 and were soluble in THF. 
19
F NMR (proteo-THF): +311.23 (Ce–F). A single 
crystal of this compound was characterized by single X-ray diffractometry. 
3.4.7 Reactivity of 3.2-F with Me3Si –Cl  
 0.020 g (0.0312 mmol) of CeF[N(SiMe3)2]3 was dissolved in 0.5 mL THF with 6 
μL fluorobenzene internal standard. 4 μL (0.0315 mmol, 1.01 equiv) Me3Si–Cl was 
added. After 15 hours, the reaction was monitored by 
19
F NMR spectroscopy. Conversion 
was determined by integration of the fluorobenzene resonance at –113.6 ppm to the 
Me3Si–F product peak at –157.6 ppm. The reaction conversion was determined to be 
90% by averaging two trials. The individual trial conversions were 92.5% and 87.4%. 
Removal of volatiles followed by dissolution in benzene-d6 revealed formation of 
CeCl[N(SiMe3)2]3, evidenced by a peak at +0.42 ppm.
1
  
3.4.8 Synthesis of CeCl[N(SiMe3)2]3 (3.2-Cl)  
Me3Si–Cl (0.052 g, 0.479 mmol, 6.1 equiv) was dissolved in ~2 mL THF and 
added to a solution of CeF[N(SiMe3)2]3 (0.050 g, 0.078 mmol) in ~3 mL THF. The 
mixture was stirred for 4.5 h at R.T. Volatiles were removed under reduced pressure. The 
dark purple powder was redissolved in ~7 mL hexanes, filtered through a Celite packed 
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filter, and chilled at –35 oC to induce crystallization. The mother liquor was removed by 
decantation, and the crystals were dried under reduced pressure giving the product as 
dark purple crystals. Yield: 0.024 g (0.037 mmol, 47%). 
1
H NMR (benzene-d6): δ 0.43 (s, 
54H, Si(CH3)3). 
13
C{
1
H} NMR (benzene-d6): 5.40 (Si(CH3)3). Characterization data was 
consistent with previous reports.
1,2
 
3.4.9 Synthesis of CeBr[N(SiMe3)2]3 (3.2-Br)  
CeF[N(SiMe3)2]3 (0.050 g, 0.078 mmol) was dissolved ~3 mL THF. Me3Si–Br 
(0.483 mmol, 6 equiv) was added in ~2 mL THF and the reaction was stirred at R.T. for 
4.5 h. Volatiles were removed under reduced pressure. The resultant dark purple powder 
was dissolved in ~7 mL hexanes and chilled at –35o C to induce crystallization. The 
mother liquor was removed by decantation, the crystals were washed 1 × 1 mL hexanes 
and dried under reduced pressure giving the product as dark purple crystals. Yield: 0.015 
g (0.021 mmol, 27%) 
1
H NMR (benzene-d6): δ 0.46 (s, 54H, Si(CH3)3). 
13
C{
1
H} NMR 
(benzene-d6): 5.76 (Si(CH3)3). Characterization data was consistent with previous 
reports.
2
  
3.4.10 Synthesis of CeI[N(SiMe3)2]3 (3.2-I)  
0.051 g (0.080 mmol) CeF[N(SiMe3)2]3 was dissolved in ~5 mL hexanes. 12 
equiv Me3Si–I were added in ~3 mL hexanes and stirred for 6 h at R.T. Volatiles were 
stripped from the resultant dark purple solution. The resulting dark purple solid was 
dissolved in ~15 mL hexanes and chilled at –35o C to induce crystallization. The mother 
liquor was removed by decantation, the crystals were washed 1 × 1 mL hexanes and dried 
under reduced pressure giving the product as dark purple crystals. Yield: 0.026 g (0.037 
mmol, 43%). Anal. Calcd. for CeC18H54N3Si6I: C, 28.89; H, 7.28; N, 5.62. Found: C, 
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29.14; H, 7.16; N, 5.53. 
1
H NMR (benzene-d6): δ 0.49 (s, 54H, Si(CH3)3). 
13
C{
1
H} NMR 
(benzene-d6): 6.44 (Si(CH3)3).  
3.4.11 Synthesis of {Ce[N(SiMe3)2]3(μ-N3)Ce[N(SiMe3)2]3(N3)} (3.2-N3) 
 0.100 g (0.156 mmol) CeF[N(SiMe3)2]3 was dissolved in ~5 mL THF. 0.095 g 
(0.824 mmol, 5.3 equiv) was added and stirred overnight at R.T. Volatiles were stripped 
from the dark red solution. The resulting dark red solid was dissolved in ~12 mL hexanes 
and chilled at –35o C to induce crystallization. The mother liquor was removed by 
decantation and dried under reduced pressure giving the product as a dark red powder. 
Yield: 0.028 g (0.042 mmol, 27%). Anal. Calcd. for Ce2C36H108N9Si12: C, 32.59; H, 8.21; 
N, 12.67. Found: C, 33.04; H, 8.25; N, 12.78.   
3.4.12 Synthesis of Fc{Ce(N3)2[N(SiMe3)2]3} (3.2-N3∙FcN3) 
0.044 g (0.161 mmol) FcBF4 was added to a solution of 0.100 g (0.161 mmol) 
Ce[N(SiMe3)2]3 dissolved in ~3 mL MeCN. The reaction was stirred at R.T. for 1 h, then 
0.6 mL (4.564 mmol) Me3Si–N3 was added. After 3 h, volatiles were removed under 
reduced pressure. The reaction products were redissolved in ~3 mL THF, layered with ~6 
mL hexanes, and chilled at –35 oC overnight to induce crystallization. A single crystal of 
this compound was characterized by single X-ray diffractometry. 
3.4.13 Synthesis of Ce(NCS)[N(SiMe3)2]3 (3.2-NCS)  
CeCl[N(SiMe3)2 (0.376 g, 0.573 mmol) was dissolved in ~10 mL THF. NaSCN 
(0.065 g, 0.802 mmol, 1.4 equiv) was added causing a color change from dark purple to 
dark red. The mixture was stirred at R.T. overnight. Volatiles were removed under 
reduced pressure and the product was extracted with ~30 mL hexanes and filtered 
through a Celite packed filter to remove the NaCl byproduct. The solution was 
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concentrated to a volume of ~1 mL and chilled at – 35 oC to induce crystallization. The 
mother liquor was removed by decantation and the crystals were dried under reduced 
pressure giving the product as dark red crystals. Yield: 0.154 g (0.227 mmol, 40%). Anal. 
Calcd. for CeC19H54N4Si6S: C, 33.59; H, 8.01; N, 8.25. Found: C, 33.46; H, 7.88; N, 
7.99. 
1
H NMR (benzene-d6): δ 0.36 (s, 54H, Si(CH3)3). 
13
C{
1
H} NMR (benzene-d6): 4.91 
(Si(CH3)3). 
3.4.14 Synthesis of Ce(O
t
Bu)4(py)2 (3.4) 
 0.043 g (0.580 mmol) 
t
BuOH dissolved in ~3 mL hexanes was added to a solution 
of 0.106 g (0.166 mmol) CeF[N(SiMe3)2]3 in ~3 mL hexanes. 5 drops of pyridine were 
added, pipetted to mix, and pumped dry to a yellow oil. The oil was redissolved in ~3 mL 
hexanes and chilled at –35 oC overnight to induce crystallization. A single crystal that 
precipitated from solution was characterized by single crystal X-ray diffractometry, 
resulting in identification of the product as Ce(O
t
Bu)4(py)2. 
3.4.15 Synthesis of {Ce(O
t
Bu)4(py)µ-Cl}2 (3.5) 
0.059 g (0.800 mmol) 
t
BuOH dissolved in ~2 mL hexane was added to a 
suspension of 0.151 g (0.230 mmol) CeCl[N(SiMe3)2]3 in ~5 mL hexane. 0.5 mL pyridine 
was added and stirred at R.T. After 2.5 h, volatiles were removed from the clear yellow 
solution under reduced pressure. The resultant yellow solid was redissolved in ~7 mL 
toluene, filtered through celite, and chilled at –35 oC overnight to induce crystallization. 
The mother liquor was removed by decantation and the crystals were dried under reduced 
pressure. Yield 0.065 g (0.069 mmol, 60%) Anal. Calcd. for Ce2C34H64Cl2N2O6: C, 43.1; 
H, 6.80; N, 2.95. Found: C, 42.9; H, 6.56; N, 2.88. 
1
H NMR (benzene-d6): δ 8.94 (broad 
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s, 4H, Ar-H), 6.89 (t, 2H, Ar-H), 6.64 (t, 4H, Ar-H), 1.60, 1.54 (overlapping s, 54H, 
C(CH3)3). 
1
H NMR (pyridine-d5 ): δ 1.46 (s, 54 H, C(CH3)3). 
 
3.5 Crystallographic data 
 X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
100(1) K or 143(1) K. Preliminary indexing was performed from a series of thirty-six 
0.5° rotation frames with exposures of 10 seconds. Following full data collection, rotation 
frames were integrated using SAINT,
55
 producing a listing of unaveraged F
2
 and σ(F2) 
values which were then passed to the SHELXTL
56
 program package for further 
processing and structure solution. The intensity data were corrected for Lorentz and 
polarization effects and for absorption using SADABS
57
 or TWINABS.
58
 The structure 
was solved by direct methods (SHELXS-97).
59
 Refinement was by full-matrix least 
squares based on F
2
 using SHELXL-97.
59
 All reflections were used during refinement. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using 
a riding model.   
 In the structural characterization of 3.2-F, it was apparent from the diffraction 
frames that there were double spots indicating the presence of a non-merohedral twin.  
The crystal was actually cracked or split; there were two components related by a rotation 
of 3° about the 2 0 1 reciprocal direction. The program CELL_NOW
60
 was used to index 
the diffraction images and to determine the twinning mechanism. The asymmetric unit 
consisted of two molecules. Isotropic refinement with the non-merohedral twin data led 
to a high R1 value of 0.22. Analysis of the “disagreeable reflections” by ROTAX61 
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indicated the presence of pseudo-merohedral twinning in which the two components were 
related by a rotation of 180° about the 1 0 0 reciprocal direction; the matrix relating the 
two components was {1 0 1 0 -1 0 0 0 -1}. In order to refine with both non-merohedral 
twinned data and pseudo-merohedral twinned data the type 5 hkl file produced by 
TWINABS was expanded by the use of the pseudo-merohedral twinning matrix so that 
the type 5 file had F
2
 data for four twin components (leading to three twinning 
parameters). The twinning parameters refined to values of 0.279(1), 0.224(1) and 
0.160(1). 
In the structure of 3.2-N3, the molecule lay on a crystallographic 3-fold axis (at ⅔, 
⅓, z). The rotation axis passed through Ce(1), Ce(2), N(3), N(4), N(5), N(6), N(7), N(8). 
During refinement, several atoms went non-positive definite and R1 would not go below 
12%. Examination of the disagreeable reflections suggested the possibility of twinning 
(Fo
2
 was always greater than Fc
2
). ROTAX
61
 indicated merohedral twinning by 180 
rotation about the direct a-direction. The twinning matrix {1 0 0 -1 -1 0 0 0 -1} was 
applied during least squares refinement. Racemic twinning was also significant. The 
twinning parameters (including racemic twinning) refined to values of 0.208(4), 0.081(5) 
and 0.153(4). 
In the structure of 3.5, the molecule sat on a crystallographic center of symmetry 
(at ½, ½, ½). The crystal formed a pseudo-merohedral twin with the two components 
related by a rotation of 180° about the a* axis. The twinning matrix used was {1 0 1 0 -1 
0 0 0 -1}. The twinning parameter refined to a value of 0.359(1). 
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Table 3.5.1. Crystallographic parameters for 3.2-F and 3.3. Adapted with permission 
from Inorganic Chemistry 2014, 53, 27.  Copyright 2014, American Chemical Society. 
 3.2-F 3.3 
Empirical formula C18H54Si6N3FCe C18H54Si6N3FU 
Formula weight 640.30 738.21 
Temperature 100(1) K 143(1) 
Crystal system monoclinic monoclinic 
Space group P21/c P21/c 
Cell constants:   
a (Å) 22.7206(16) 8.7141(4)  
b (Å) 15.0666(10) 18.2582(8)  
c (Å) 21.6657(13) 21.1970(9)  
β (°) 118.189(4) 97.711(2) 
Volume (Å
3
) 6537.0(7) 
 
3342.0(3)  
Z 8 4 
Density (calculated) (Mg/m
3
) 1.301 
 
1.467  
Absorption coefficient (mm
-1
) 1.629 
 
5.088  
F(000) 2672 1472 
Crystal size (mm
3
) 0.20 × 0.10 × 0.05 
 
0.38 × 0.32 × 0.15 
 
Theta range for data collection 1.69 to 27.69° 1.94 to 27.53° 
Index ranges 
-29 ≤ h ≤ 29, -19 ≤ k ≤ 19, 
-28 ≤ l ≤ 28 
-11 ≤ h ≤ 11, -23 ≤ k ≤ 23, 
-27 ≤ l ≤ 27 
Reflections collected 213070 116565 
Independent reflections 22266 [R(int) = 0.0742] 7709 [R(int) = 0.0283] 
Completeness to theta = 27.69° 98.5 % 99.9% 
Absorption correction 
Semi-empirical from 
equiv. 
Semi-empirical from 
equiv. 
Max. and min. transmission 0.7456 and 0.6279 0.7456 and 0.4222 
Data / restraints / parameters 22266 / 0 / 562 7709 / 0 / 280 
Goodness-of-fit on F
2 1.130 1.123 
Final R indices [I>2sigma(I)] 
R1 = 0.0683, wR2 = 
0.1657 
R1 = 0.0155, wR2 = -
0.0348 
R indices (all data) 
R1 = 0.0925, wR2 = 
0.1830 
R1 = 0.0187, wR2 = 
0.0366 
Largest diff. peak and hole 
(e.Å
-3
) 
8.670 and -2.442  0.966 and -0.503  
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Table 3.5.2. Bond lengths for compound 3.2-F (Å). 
Ce1-F1 2.065(7) Ce1'-F1' 2.065(6) 
Ce1-N3 2.254(9) Ce1'-N1' 2.232(9) 
Ce1-Si2 3.420(3) Ce1'-Si2' 3.427(3) 
Ce1-Si1 3.450(3) Ce1'-Si5' 3.470(3) 
Si1-C1 1.842(13) Si1'-C1' 1.857(15) 
Si2-C6 1.858(12) Si2'-C6' 1.862(11) 
Si3-N2 1.719(9) Si3'-N2' 1.768(9) 
Si3-C8 1.887(13) Si3'-C7' 1.887(12) 
Si4-C11 1.869(11) Si4'-C10' 1.879(12) 
Si5-C14 1.858(13) Si5'-C15' 1.857(13) 
Si6-N3 1.700(9) Si6'-N3' 1.741(9) 
Si6-C16 1.881(12) Si6'-C17' 1.876(12) 
Ce1'-N3' 2.216(8) Ce1-N2 2.241(9) 
Ce1'-Si6' 3.378(3) Ce1-Si4 3.406(3) 
Ce1'-Si4' 3.448(3) Ce1-Si5 3.443(3) 
Si1'-C3' 1.857(13) Si1-C2 1.819(12) 
Si2'-N1' 1.734(10) Si2-N1 1.732(10) 
Si2'-C4' 1.899(13) Si2-C4 1.879(13) 
Si3'-C9' 1.874(12) Si3-C9 1.880(14) 
Si4'-C11' 1.864(12) Si4-C10 1.854(12) 
Si5'-N3' 1.754(9) Si5-N3 1.752(9) 
Si5'-C14' 1.867(14) Si5-C15 1.877(14) 
Si6'-C18' 1.872(12) Si6-C17 1.876(11) 
Ce1-N1 2.229(9) Ce1'-N2' 2.201(10) 
Ce1-Si6 3.402(3) Ce1'-Si3' 3.377(3) 
Ce1-Si3 3.433(3) Ce1'-Si1' 3.439(3) 
Si1-N1 1.769(10) Si1'-N1' 1.751(9) 
Si1-C3 1.892(14) Si1'-C2' 1.874(13) 
Si2-C5 1.869(13) Si2'-C5' 1.891(13) 
Si3-C7 1.876(11) Si3'-C8' 1.863(12) 
Si4-N2 1.724(9) Si4'-N2' 1.725(8) 
Si4-C12 1.906(12) Si4'-C12' 1.885(12) 
Si5-C13 1.872(13) Si5'-C13' 1.859(13) 
Si6-C18 1.875(13) Si6'-C16' 1.827(15) 
 
Table 3.5.3. Bond angles for compound 3.2-F (
o
). 
F1-Ce1-N1 94.2(3) F1'-Ce1'-N3' 94.7(3) 
F1-Ce1-N3 92.6(3) N2'-Ce1'-N1' 122.5(3) 
F1-Ce1-Si6 111.2(2) N2'-Ce1'-Si3' 28.0(2) 
N3-Ce1-Si6 26.2(2) F1'-Ce1'-Si6' 116.0(2) 
N2-Ce1-Si4 26.6(2) N1'-Ce1'-Si6' 98.3(2) 
F1-Ce1-Si2 114.6(2) N2'-Ce1'-Si2' 101.8(3) 
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N3-Ce1-Si2 130.9(2) Si3'-Ce1'-Si2' 96.39(8) 
F1-Ce1-Si3 74.9(2) N2'-Ce1'-Si1' 139.1(2) 
N3-Ce1-Si3 133.2(2) Si3'-Ce1'-Si1' 114.78(8) 
Si2-Ce1-Si3 94.31(8) F1'-Ce1'-Si4' 112.91(19) 
N2-Ce1-Si5 104.3(2) N1'-Ce1'-Si4' 132.7(2) 
Si4-Ce1-Si5 94.88(8) Si2'-Ce1'-Si4' 106.96(7) 
F1-Ce1-Si1 71.2(2) N2'-Ce1'-Si5' 103.5(3) 
N3-Ce1-Si1 106.9(2) Si3'-Ce1'-Si5' 111.29(8) 
Si2-Ce1-Si1 52.85(8) Si1'-Ce1'-Si5' 110.63(8) 
N1-Si1-C2 111.0(5) N1'-Si1'-C1' 109.6(5) 
N1-Si1-C3 112.9(6) C3'-Si1'-C2' 108.3(6) 
N1-Si1-Ce1 34.4(3) C3'-Si1'-Ce1' 138.2(4) 
C3-Si1-Ce1 144.0(6) N1'-Si2'-C6' 112.4(5) 
C6-Si2-C5 107.3(5) N1'-Si2'-C4' 106.4(5) 
C5-Si2-C4 107.4(6) N1'-Si2'-Ce1' 34.7(3) 
C5-Si2-Ce1 124.6(4) C4'-Si2'-Ce1' 71.7(3) 
N2-Si3-C9 109.7(5) C8'-Si3'-C9' 109.3(6) 
C7-Si3-C8 108.5(6) C9'-Si3'-C7' 107.8(6) 
C7-Si3-Ce1 139.2(4) C9'-Si3'-Ce1' 80.1(4) 
N2-Si4-C10 115.2(5) N2'-Si4'-C10' 114.0(5) 
N2-Si4-C12 111.4(5) C11'-Si4'-C12' 105.4(6) 
N2-Si4-Ce1 35.6(3) C11'-Si4'-Ce1' 75.2(4) 
C12-Si4-Ce1 126.7(4) N3'-Si5'-C15' 113.5(5) 
C14-Si5-C13 109.0(6) N3'-Si5'-C14' 109.5(5) 
C13-Si5-C15 108.9(6) N3'-Si5'-Ce1' 33.0(3) 
C13-Si5-Ce1 105.7(5) C14'-Si5'-Ce1' 83.4(4) 
N3-Si6-C17 107.8(5) C16'-Si6'-C18' 107.3(6) 
C18-Si6-C16 106.9(6) C18'-Si6'-C17' 105.9(6) 
C18-Si6-Ce1 127.1(4) C18'-Si6'-Ce1' 125.4(4) 
Si2-N1-Si1 121.7(5) Si2'-N1'-Ce1' 119.0(4) 
Si3-N2-Si4 122.5(5) Si4'-N2'-Ce1' 122.4(5) 
Si6-N3-Si5 123.5(5) Si6'-N3'-Ce1' 116.7(4) 
F1'-Ce1'-N2' 95.0(3) N1-Ce1-N2 119.4(3) 
F1'-Ce1'-N1' 95.6(3) N2-Ce1-N3 118.6(3) 
F1'-Ce1'-Si3' 72.5(2) N2-Ce1-Si6 130.8(2) 
N1'-Ce1'-Si3' 107.3(2) N1-Ce1-Si4 128.5(3) 
N3'-Ce1'-Si6' 27.4(2) Si6-Ce1-Si4 105.27(7) 
F1'-Ce1'-Si2' 115.7(2) N2-Ce1-Si2 99.2(2) 
N1'-Ce1'-Si2' 26.2(2) Si4-Ce1-Si2 102.75(8) 
F1'-Ce1'-Si1' 74.70(19) N2-Ce1-Si3 25.8(2) 
N1'-Ce1'-Si1' 26.5(2) Si4-Ce1-Si3 52.39(7) 
Si2'-Ce1'-Si1' 52.72(8) N1-Ce1-Si5 135.3(2) 
N3'-Ce1'-Si4' 96.0(2) Si6-Ce1-Si5 52.72(7) 
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Si6'-Ce1'-Si4' 101.48(8) Si3-Ce1-Si5 110.33(8) 
F1'-Ce1'-Si5' 73.2(2) N2-Ce1-Si1 133.3(2) 
N1'-Ce1'-Si5' 133.7(2) Si4-Ce1-Si1 152.30(8) 
Si2'-Ce1'-Si5' 152.27(8) Si5-Ce1-Si1 112.53(8) 
N1'-Si1'-C3' 112.7(5) C2-Si1-C1 108.3(6) 
N1'-Si1'-C2' 111.0(5) C1-Si1-C3 106.8(6) 
N1'-Si1'-Ce1' 34.6(3) C1-Si1-Ce1 82.0(4) 
C2'-Si1'-Ce1' 109.2(5) N1-Si2-C5 112.8(5) 
C6'-Si2'-C5' 106.0(6) C6-Si2-C4 107.8(6) 
C5'-Si2'-C4' 106.2(6) C6-Si2-Ce1 126.2(4) 
C5'-Si2'-Ce1' 126.0(4) N2-Si3-C7 111.7(5) 
N2'-Si3'-C9' 108.3(5) N2-Si3-C8 109.8(5) 
C8'-Si3'-C7' 108.7(6) N2-Si3-Ce1 34.6(3) 
C8'-Si3'-Ce1' 101.9(4) C8-Si3-Ce1 106.5(4) 
N2'-Si4'-C11' 107.8(6) C10-Si4-C11 107.1(5) 
N2'-Si4'-C12' 113.4(5) C11-Si4-C12 107.7(6) 
N2'-Si4'-Ce1' 32.6(3) C11-Si4-Ce1 72.1(4) 
C12'-Si4'-Ce1' 123.3(4) N3-Si5-C13 110.7(5) 
C15'-Si5'-C13' 108.9(6) C14-Si5-C15 105.3(6) 
C13'-Si5'-C14' 108.5(7) C14-Si5-Ce1 81.1(3) 
C13'-Si5'-Ce1' 102.6(4) N3-Si6-C18 113.5(5) 
N3'-Si6'-C18' 113.9(5) N3-Si6-C16 113.4(5) 
C16'-Si6'-C17' 109.0(6) N3-Si6-Ce1 35.8(3) 
C16'-Si6'-Ce1' 125.4(5) C16-Si6-Ce1 124.0(4) 
Si2'-N1'-Si1' 122.1(5) Si1-N1-Ce1 118.9(5) 
Si4'-N2'-Si3' 121.1(6) Si4-N2-Ce1 117.8(4) 
Si6'-N3'-Si5' 121.6(5) Si5-N3-Ce1 118.0(5) 
F1-Ce1-N2 95.9(3) N2'-Ce1'-N3' 115.9(3) 
N1-Ce1-N3 120.3(3) N3'-Ce1'-N1' 119.3(3) 
N1-Ce1-Si6 99.4(2) N3'-Ce1'-Si3' 132.7(2) 
F1-Ce1-Si4 116.8(2) N2'-Ce1'-Si6' 126.1(2) 
N3-Ce1-Si4 99.4(2) Si3'-Ce1'-Si6' 152.25(8) 
N1-Ce1-Si2 26.3(3) N3'-Ce1'-Si2' 129.0(2) 
Si6-Ce1-Si2 105.10(7) Si6'-Ce1'-Si2' 102.26(8) 
N1-Ce1-Si3 105.6(2) N3'-Ce1'-Si1' 104.4(2) 
Si6-Ce1-Si3 153.84(8) Si6'-Ce1'-Si1' 92.92(8) 
F1-Ce1-Si5 71.1(2) N2'-Ce1'-Si4' 25.0(2) 
N3-Ce1-Si5 26.7(2) Si3'-Ce1'-Si4' 52.91(7) 
Si2-Ce1-Si5 155.19(8) Si1'-Ce1'-Si4' 157.68(8) 
N1-Ce1-Si1 26.7(3) N3'-Ce1'-Si5' 25.5(2) 
Si6-Ce1-Si1 94.97(8) Si6'-Ce1'-Si5' 52.90(7) 
Si3-Ce1-Si1 110.82(8) Si4'-Ce1'-Si5' 91.68(7) 
N1-Si1-C1 108.7(5) C3'-Si1'-C1' 106.8(7) 
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C2-Si1-C3 108.9(7) C1'-Si1'-C2' 108.2(6) 
C2-Si1-Ce1 100.7(4) C1'-Si1'-Ce1' 78.1(4) 
N1-Si2-C6 114.8(5) N1'-Si2'-C5' 116.8(6) 
N1-Si2-C4 106.3(5) C6'-Si2'-C4' 108.8(6) 
N1-Si2-Ce1 34.8(3) C6'-Si2'-Ce1' 126.2(4) 
C4-Si2-Ce1 71.5(4) N2'-Si3'-C8' 111.3(5) 
C7-Si3-C9 108.2(7) N2'-Si3'-C7' 111.4(5) 
C9-Si3-C8 109.0(7) N2'-Si3'-Ce1' 35.8(3) 
C9-Si3-Ce1 79.1(4) C7'-Si3'-Ce1' 143.1(4) 
N2-Si4-C11 107.5(5) C11'-Si4'-C10' 106.3(6) 
C10-Si4-C12 107.6(6) C10'-Si4'-C12' 109.4(6) 
C10-Si4-Ce1 123.7(4) C10'-Si4'-Ce1' 125.0(4) 
N3-Si5-C14 111.2(4) N3'-Si5'-C13' 111.1(5) 
N3-Si5-C15 111.4(5) C15'-Si5'-C14' 104.9(7) 
N3-Si5-Ce1 35.3(3) C15'-Si5'-Ce1' 142.4(4) 
C15-Si5-Ce1 140.1(4) N3'-Si6'-C16' 112.8(5) 
C18-Si6-C17 106.9(5) N3'-Si6'-C17' 107.6(5) 
C17-Si6-C16 108.0(6) N3'-Si6'-Ce1' 35.9(3) 
C17-Si6-Ce1 72.1(4) C17'-Si6'-Ce1' 71.8(4) 
Si2-N1-Ce1 118.9(5) Si1'-N1'-Ce1' 118.9(5) 
Si3-N2-Ce1 119.6(5) Si3'-N2'-Ce1' 116.2(4) 
Si6-N3-Ce1 118.1(4) Si5'-N3'-Ce1' 121.5(4) 
 
Table 3.5.4. Bond lengths for compound 3.3 (Å). 
U1-F1  2.0649(12) N2-Si3  1.7302(17) 
U1-N2  2.2533(16) Si3-C9  1.871(3) 
U1-Si4  3.4346(6) N3-Si6  1.7388(16) 
Si1-C3  1.867(2) Si4-C10  1.871(3) 
N1-Si2  1.7427(17) Si5-C13  1.875(2) 
Si2-C4  1.871(2) Si6-C16  1.870(2) 
Si3-C8  1.868(3) U1-N3  2.2530(15) 
N3-Si5  1.7307(16) U1-Si1  3.3926(6) 
Si4-C12  1.867(2) Si1-N1  1.7224(17) 
Si5-C15  1.870(2) Si1-C1  1.877(2) 
Si6-C18  1.869(2) Si2-C5  1.866(3) 
U1-N1  2.2498(16) N2-Si4  1.7386(17) 
U1-Si5  3.3851(5) Si3-C7  1.871(3) 
U1-Si3  3.4473(6) Si4-C11  1.859(3) 
Si1-C2  1.867(2) Si5-C14  1.869(2) 
Si2-C6  1.861(2) Si6-C17  1.866(2) 
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Table 3.5.5. Bond angles for compound 3.3 (
o
). 
F1-U1-N1 91.88(5) C18-Si6-C16 107.87(11) 
F1-U1-N2 93.70(6) F1-U1-N3 93.26(5) 
F1-U1-Si5 115.32(4) N1-U1-N2 117.50(6) 
N2-U1-Si5 101.07(4) N1-U1-Si5 131.25(4) 
N3-U1-Si1 101.93(4) F1-U1-Si1 113.41(4) 
F1-U1-Si4 72.16(4) N2-U1-Si1 128.02(4) 
N2-U1-Si4 26.51(4) N1-U1-Si4 131.57(4) 
F1-U1-Si3 114.01(4) Si5-U1-Si4 96.166(14) 
N2-U1-Si3 25.96(4) N1-U1-Si3 99.21(4) 
Si4-U1-Si3 52.463(15) Si5-U1-Si3 104.453(14) 
C3-Si1-C2 108.80(11) N1-Si1-C3 114.15(10) 
C2-Si1-C1 107.48(12) N1-Si1-C1 106.85(10) 
C2-Si1-U1 126.43(8) N1-Si1-U1 36.33(5) 
Si1-N1-U1 116.69(8) C1-Si1-U1 70.55(8) 
N1-Si2-C5 108.26(9) Si2-N1-U1 120.39(9) 
C6-Si2-C4 106.58(13) N1-U1-N3 121.06(6) 
Si3-N2-U1 119.28(9) N3-U1-N2 120.65(6) 
N2-Si3-C9 113.81(11) N3-U1-Si5 27.42(4) 
C8-Si3-C7 107.94(13) N1-U1-Si1 26.97(4) 
C8-Si3-U1 127.08(10) Si5-U1-Si1 105.222(15) 
Si5-N3-Si6 122.33(9) N3-U1-Si4 105.61(4) 
N2-Si4-C11 111.41(11) Si1-U1-Si4 151.562(14) 
N2-Si4-C10 113.34(11) N3-U1-Si3 130.72(4) 
N2-Si4-U1 35.34(5) Si1-U1-Si3 103.185(14) 
C10-Si4-U1 141.63(10) N1-Si1-C2 113.18(10) 
C14-Si5-C15 108.88(11) C3-Si1-C1 105.90(13) 
C15-Si5-C13 106.74(11) C3-Si1-U1 123.50(8) 
C15-Si5-U1 122.81(8) Si1-N1-Si2 122.81(9) 
N3-Si6-C18 109.06(9) N1-Si2-C6 110.66(10) 
C17-Si6-C16 107.21(12) N1-Si2-C4 113.78(11) 
C6-Si2-C5 109.91(14) Si3-N2-Si4 122.54(10) 
C5-Si2-C4 107.58(12) N2-Si3-C8 112.51(12) 
Si4-N2-U1 118.15(8) N2-Si3-C7 107.98(9) 
C8-Si3-C9 107.91(13) N2-Si3-U1 34.76(6) 
C9-Si3-C7 106.37(13) C7-Si3-U1 73.31(7) 
C9-Si3-U1 122.75(9) Si6-N3-U1 121.87(8) 
Si5-N3-U1 115.75(8) C11-Si4-C12 109.12(13) 
N2-Si4-C12 109.14(10) C12-Si4-C10 106.06(13) 
C11-Si4-C10 107.56(14) C12-Si4-U1 78.77(8) 
C11-Si4-U1 106.38(10) N3-Si5-C15 113.67(10) 
N3-Si5-C14 113.63(10) C14-Si5-C13 106.54(11) 
N3-Si5-C13 106.88(9) C14-Si5-U1 127.16(8) 
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N3-Si5-U1 36.83(5) N3-Si6-C17 111.15(10) 
C13-Si5-U1 70.13(7) N3-Si6-C16 112.75(9) 
C17-Si6-C18 108.68(12)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
147 
 
Table 3.5.6. Crystallographic parameters for 3.2-F∙MeCN and 3.2-F∙CsF. 
 3.2-F∙MeCN 3.2-F∙CsF 
Empirical formula C20H57Si6N4FCe C26H70Si6N3O2F2CsCe 
Formula weight 681.36 936.42 
Temperature (K) 100(1)  100(1)  
Crystal system orthorhombic monoclinic 
Space group Pca21   P21/c      
Cell constants   
                a (Å) 17.3785(12) 19.3799(12)  
                b (Å) 11.1868(7) 12.0070(8) 
                c (Å) 36.376(3) 19.1606(9) 
                α (o) 90.00 90.00 
                β (o) 90.00 97.835(3) 
                γ (o) 90.00 90.00 
Volume (Å
3
) 7071.9(9) 4416.9(5) 
Z 8 4 
Density (calculated) (Mg/m
3
) 1.280 1.408 
Absorption coefficient (mm
-1
) 1.511 2.038 
F(000) 2848 1912 
Crystal size (mm
3
) 0.26 × 0.18 × 0.05 0.18 × 0.08 × 0.02 
Theta range for data collection 
 
1.82 to 27.54°
 
1.06 to 27.57° 
Index ranges 
0 ≤ h ≤ 22, 0 ≤ k ≤ 14, 0 ≤ 
l ≤ 47 
-25 ≤ h ≤ 24, 0 ≤ k ≤ 15, 
0 ≤ l ≤ 24 
Reflections collected 175906 125301 
Independent collections 8234 [R(int) = 0.1168] 9878 [R(int) = 0.0980] 
Completeness to theta = 
27.49
o
 
99.2 % 96.7 % 
Max. and min. transmission 0.7456 and 0.5715 0.7456 and 0.5835 
Data / restraints / parameters 8234 / 207 / 616 9878 / 0 / 389 
Goodness-of-fit on F
2
 1.050 1.068 
Final R indicies [I>2sigma(I)] 
R1 = 0.0571, wR2 = 
0.1218 
R1 = 0.0513, wR2 = 
0.1145 
R indices (all data) 
R1 = 0.0724, wR2 = 
0.1273 
R1 = 0.0852, wR2 = 
0.1259 
Largest diff. peak and hole 
(e.Å
3
) 
4.470 and -1.333 2.648 and -1.666 
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Table 3.5.7. Bond lengths for compound 3.2-F∙MeCN (Å). 
Ce1-F1  2.110(5) Ce1'-F1'  2.107(6) 
Ce1-N1  2.264(10) Ce1'-N1'  2.258(11) 
N1-Si2  1.750(10) N1'-Si2'  1.750(11) 
N3-Si6  1.727(11) N3'-Si5'  1.724(9) 
Si1-C2  1.856(12) Si1'-C3'  1.851(12) 
Si2-C6  1.842(13) Si2'-C4'  1.869(12) 
Si3-C8  1.849(13) Si3'-C8'  1.858(12) 
Si4-C11  1.866(12) Si4'-C10'  1.863(13) 
Si5-C15  1.844(11) Si5'-C13'  1.853(12) 
Si6-C18  1.870(13) Si6'-C17'  1.863(12) 
C19-C20  1.441(14) C19'-C20'  1.466(15) 
Ce1'-N3'  2.241(8) Ce1-N2  2.238(7) 
N1'-Si1'  1.717(9) N1-Si1  1.721(10) 
N2'-Si3'  1.755(10) N2-Si3  1.745(9) 
N4'-C19'  1.135(12) N4-C19  1.126(12) 
Si1'-C2'  1.881(11) Si1-C1  1.868(12) 
Si2'-C5'  1.887(12) Si2-C5  1.878(12) 
Si3'-C9'  1.888(13) Si3-C9  1.880(13) 
Si4'-C12'  1.875(12) Si4-C12  1.867(12) 
Si5'-C15'  1.909(12) Si5-C14  1.886(12) 
Si6'-C18'  1.877(12) Si6-C16  1.887(12) 
Ce1-N3  2.212(10) Ce1'-N2'  2.202(10) 
Ce1-N4  2.657(8) Ce1'-N4'  2.626(8) 
N2-Si4  1.740(9) N2'-Si4'  1.736(10) 
N3-Si5  1.755(10) N3'-Si6'  1.751(9) 
Si1-C3  1.865(12) Si1'-C1'  1.873(12) 
Si2-C4  1.866(12) Si2'-C6'  1.873(12) 
Si3-C7  1.859(12) Si3'-C7'  1.864(12) 
Si4-C10  1.866(12) Si4'-C11'  1.866(13) 
Si5-C13  1.850(13) Si5'-C14'  1.862(13) 
Si6-C17  1.876(11) Si6'-C16'  1.866(12) 
 
Table 3.5.8. Bond angles for compound 3.2-F∙MeCN (o). 
F1-Ce1-N3 95.0(3) F1'-Ce1'-N3' 98.7(2) 
F1-Ce1-N1 95.5(3) N2'-Ce1'-N1' 118.0(3) 
F1-Ce1-N4 176.5(2) N2'-Ce1'-N4' 83.1(3) 
N1-Ce1-N4 82.5(3) Si1'-N1'-Si2' 120.5(6) 
Si2-N1-Ce1 122.9(5) Si4'-N2'-Si3' 119.3(6) 
Si3-N2-Ce1 115.8(4) Si5'-N3'-Si6' 120.4(5) 
Si5-N3-Ce1 114.5(5) C19'-N4'-Ce1' 169.4(8) 
N1-Si1-C3 111.1(5) C3'-Si1'-C1' 107.5(6) 
C2-Si1-C1 107.2(5) C1'-Si1'-C2' 104.9(6) 
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N1-Si2-C4 112.5(5) C4'-Si2'-C6' 108.0(6) 
C6-Si2-C5 105.5(6) C6'-Si2'-C5' 107.4(6) 
N2-Si3-C7 110.5(5) C8'-Si3'-C7' 105.3(6) 
C8-Si3-C9 109.3(6) C7'-Si3'-C9' 105.9(6) 
N2-Si4-C10 112.6(5) C10'-Si4'-C11' 107.2(6) 
C11-Si4-C12 107.0(6) C11'-Si4'-C12' 108.2(6) 
N3-Si5-C13 111.0(5) C13'-Si5'-C14' 108.7(6) 
C15-Si5-C14 104.5(5) C14'-Si5'-C15' 107.7(7) 
N3-Si6-C17 110.4(5) C17'-Si6'-C16' 104.7(6) 
C18-Si6-C16 108.3(6) C16'-Si6'-C18' 108.1(5) 
F1'-Ce1'-N2' 96.0(3) N3-Ce1-N2 121.2(4) 
F1'-Ce1'-N1' 94.4(3) N2-Ce1-N1 117.6(4) 
F1'-Ce1'-N4' 175.7(2) N2-Ce1-N4 83.6(3) 
N1'-Ce1'-N4' 82.3(3) Si1-N1-Ce1 116.5(5) 
Si2'-N1'-Ce1' 124.0(5) Si4-N2-Ce1 124.8(5) 
Si3'-N2'-Ce1' 114.5(5) Si6-N3-Ce1 125.7(5) 
Si6'-N3'-Ce1' 122.2(5) N1-Si1-C2 111.2(5) 
N1'-Si1'-C1' 113.9(5) N1-Si1-C1 112.7(5) 
C3'-Si1'-C2' 107.3(5) N1-Si2-C6 111.9(6) 
N1'-Si2'-C6' 112.3(5) N1-Si2-C5 112.0(5) 
C4'-Si2'-C5' 106.8(6) N2-Si3-C8 112.0(6) 
N2'-Si3'-C7' 111.9(5) N2-Si3-C9 112.3(5) 
C8'-Si3'-C9' 110.0(7) N2-Si4-C11 112.9(6) 
N2'-Si4'-C11' 111.4(5) N2-Si4-C12 112.1(5) 
C10'-Si4'-C12' 104.6(6) N3-Si5-C15 110.7(5) 
N3'-Si5'-C14' 111.9(5) N3-Si5-C14 113.0(5) 
C13'-Si5'-C15' 106.4(6) N3-Si6-C18 112.2(6) 
N3'-Si6'-C16' 111.9(5) N3-Si6-C16 112.2(5) 
C17'-Si6'-C18' 106.9(6) N4-C19-C20 177.6(14) 
F1-Ce1-N2 99.9(2) N2'-Ce1'-N3' 118.7(4) 
N3-Ce1-N1 117.1(3) N3'-Ce1'-N1' 119.7(4) 
N3-Ce1-N4 83.4(3) N3'-Ce1'-N4' 85.4(3) 
Si1-N1-Si2 120.6(6) Si1'-N1'-Ce1' 115.5(5) 
Si4-N2-Si3 119.3(4) Si4'-N2'-Ce1' 126.1(5) 
Si6-N3-Si5 119.6(6) Si5'-N3'-Ce1' 117.3(4) 
C19-N4-Ce1 169.3(8) N1'-Si1'-C3' 111.8(5) 
C2-Si1-C3 106.1(6) N1'-Si1'-C2' 110.9(5) 
C3-Si1-C1 108.3(6) N1'-Si2'-C4' 111.1(5) 
C6-Si2-C4 109.0(6) N1'-Si2'-C5' 111.0(5) 
C4-Si2-C5 105.5(6) N2'-Si3'-C8' 111.0(5) 
C8-Si3-C7 105.8(6) N2'-Si3'-C9' 112.2(5) 
C7-Si3-C9 106.4(6) N2'-Si4'-C10' 112.6(5) 
C11-Si4-C10 108.2(5) N2'-Si4'-C12' 112.4(5) 
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C10-Si4-C12 103.5(6) N3'-Si5'-C13' 112.0(5) 
C15-Si5-C13 108.0(6) N3'-Si5'-C15' 110.0(5) 
C13-Si5-C14 109.3(6) N3'-Si6'-C17' 113.8(5) 
C18-Si6-C17 107.6(6) N3'-Si6'-C18' 111.0(6) 
C17-Si6-C16 105.7(6) N4'-C19'-C20' 176.7(12) 
 
Table 3.5.9. Bond lengths for compound 3.2-F∙CsF (Å). 
Ce1-F2  2.159(3) Si3-C8  1.860(6) 
Ce1-N1  2.265(4) Si4-C10  1.862(6) 
Ce1-Si5  3.4533(16) Si5-C14  1.872(6) 
Ce1-Si3  3.4713(16) Si6-C18  1.858(6) 
N1-Si2  1.734(5) Cs1-F2#2  2.907(3) 
N3-Si6  1.722(4) O1-C22  1.428(9) 
F2-Cs1#1  2.907(3) C20-C21  1.525(9) 
Si1-C1  1.889(6) O2-C23  1.444(8) 
Si2-C4  1.887(6) C25-C26  1.511(9) 
Si3-C7  1.895(6) Ce1-N3  2.263(4) 
Si4-C12  1.880(6) Ce1-Si2  3.4445(17) 
Si5-C15  1.876(6) Ce1-Si4  3.4631(16) 
Si6-C17  1.878(5) N1-Si1  1.728(5) 
Cs1-O1  3.025(5) N2-Si3  1.728(4) 
C19-C20  1.507(9) F1-Cs1  2.907(3) 
O2-C26  1.435(7) Si1-C2  1.876(5) 
C24-C25  1.537(9) Si2-C5  1.867(6) 
Ce1-F1  2.161(3) Si3-C9  1.881(6) 
Ce1-N2  2.276(4) Si4-C11  1.870(6) 
Ce1-Si6  3.4621(15) Si5-C13  1.873(6) 
Ce1-Si1  3.4935(16) Si6-C16  1.870(6) 
N2-Si4  1.727(4) Cs1-O2  3.017(4) 
N3-Si5  1.734(5) O1-C19  1.430(8) 
Si1-C3  1.875(7) C21-C22  1.487(11) 
Si2-C6  1.861(6) C23-C24  1.544(9) 
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+3/2,z+1/2    #2 x,-y+3/2,z-1/2      
 
Table 3.5.10. Bond angles for compound 3.2-F∙CsF (o). 
F2-Ce1-F1 178.35(13) C3-Si1-Ce1 79.51(19) 
F2-Ce1-N1 91.32(14) N1-Si2-C6 111.7(3) 
F2-Ce1-N2 89.82(14) N1-Si2-C4 113.1(2) 
N1-Ce1-N2 120.51(16) N1-Si2-Ce1 35.37(15) 
N3-Ce1-Si2 132.85(11) C4-Si2-Ce1 138.6(2) 
F2-Ce1-Si5 72.11(9) C8-Si3-C9 108.5(3) 
N1-Ce1-Si5 135.45(12) C9-Si3-C7 105.3(3) 
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F2-Ce1-Si6 108.10(9) C9-Si3-Ce1 134.4(2) 
N1-Ce1-Si6 99.35(11) N2-Si4-C11 111.7(3) 
Si5-Ce1-Si6 51.59(4) C10-Si4-C12 103.5(3) 
N3-Ce1-Si4 102.83(11) C10-Si4-Ce1 139.4(2) 
Si2-Ce1-Si4 107.88(4) N3-Si5-C14 112.3(3) 
F2-Ce1-Si3 70.50(9) N3-Si5-C15 112.0(3) 
N1-Ce1-Si3 102.99(11) N3-Si5-Ce1 35.00(15) 
Si5-Ce1-Si3 109.25(4) C15-Si5-Ce1 134.3(2) 
F2-Ce1-Si1 72.81(9) C18-Si6-C16 105.7(3) 
N1-Ce1-Si1 24.95(12) C16-Si6-C17 108.0(3) 
Si5-Ce1-Si1 112.09(4) C16-Si6-Ce1 132.35(19) 
Si3-Ce1-Si1 110.83(4) F1-Cs1-O2 98.44(10) 
Si2-N1-Ce1 118.3(2) F2#2-Cs1-O1 102.81(10) 
Si3-N2-Ce1 119.6(2) C22-O1-Cs1 131.2(4) 
Si5-N3-Ce1 118.9(2) C19-C20-C21 100.4(5) 
N1-Si1-C3 112.0(3) C26-O2-C23 104.4(5) 
N1-Si1-C1 113.0(3) O2-C23-C24 105.8(5) 
N1-Si1-Ce1 33.57(16) O2-C26-C25 104.5(5) 
C1-Si1-Ce1 133.09(19) F1-Ce1-N3 89.72(14) 
C6-Si2-C5 107.2(3) N3-Ce1-N1 119.01(16) 
C5-Si2-C4 107.5(3) N3-Ce1-N2 120.45(16) 
C5-Si2-Ce1 110.5(2) F1-Ce1-Si2 70.06(9) 
N2-Si3-C9 112.0(2) N2-Ce1-Si2 101.79(12) 
C8-Si3-C7 106.3(3) N3-Ce1-Si5 26.07(11) 
C8-Si3-Ce1 113.5(2) Si2-Ce1-Si5 157.02(4) 
N2-Si4-C10 114.0(3) N3-Ce1-Si6 25.53(11) 
N2-Si4-C12 112.7(3) Si2-Ce1-Si6 107.99(4) 
N2-Si4-Ce1 35.01(15) F1-Ce1-Si4 68.51(9) 
C12-Si4-Ce1 81.0(2) N2-Ce1-Si4 25.82(11) 
C14-Si5-C13 106.0(3) Si6-Ce1-Si4 112.08(4) 
C13-Si5-C15 106.2(3) N3-Ce1-Si3 134.36(11) 
C13-Si5-Ce1 78.8(2) Si2-Ce1-Si3 92.76(4) 
N3-Si6-C16 112.2(2) Si4-Ce1-Si3 51.45(4) 
C18-Si6-C17 105.3(3) N3-Ce1-Si1 101.65(11) 
C18-Si6-Ce1 78.79(19) Si2-Ce1-Si1 51.25(4) 
F1-Cs1-F2#2 149.98(9) Si4-Ce1-Si1 155.34(4) 
F1-Cs1-O1 97.23(11) Si1-N1-Ce1 121.5(2) 
C22-O1-C19 108.6(5) Si4-N2-Ce1 119.2(2) 
O1-C19-C20 105.8(5) Si6-N3-Ce1 120.0(2) 
O1-C22-C21 107.0(6) Ce1-F2-Cs1#1 173.66(15) 
C23-O2-Cs1 121.4(4) C3-Si1-C2 106.3(3) 
C26-C25-C24 103.8(5) C2-Si1-C1 108.3(3) 
F2-Ce1-N3 90.44(13) C2-Si1-Ce1 114.9(2) 
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F1-Ce1-N1 90.04(14) N1-Si2-C5 112.6(3) 
F1-Ce1-N2 88.68(14) C6-Si2-C4 104.2(3) 
F2-Ce1-Si2 110.95(9) C6-Si2-Ce1 79.7(2) 
N1-Ce1-Si2 26.31(12) N2-Si3-C8 111.9(3) 
F1-Ce1-Si5 107.50(9) N2-Si3-C7 112.2(3) 
N2-Ce1-Si5 100.98(12) N2-Si3-Ce1 34.74(15) 
F1-Ce1-Si6 72.58(9) C7-Si3-Ce1 79.27(19) 
N2-Ce1-Si6 136.10(11) C10-Si4-C11 108.0(3) 
F2-Ce1-Si4 109.86(9) C11-Si4-C12 106.3(3) 
N1-Ce1-Si4 132.96(12) C11-Si4-Ce1 109.2(2) 
Si5-Ce1-Si4 91.49(4) N3-Si5-C13 112.3(3) 
F1-Ce1-Si3 108.28(9) C14-Si5-C15 107.7(3) 
N2-Ce1-Si3 25.64(11) C14-Si5-Ce1 114.5(2) 
Si6-Ce1-Si3 157.64(4) N3-Si6-C18 112.3(2) 
F1-Ce1-Si1 108.76(9) N3-Si6-C17 112.9(2) 
N2-Ce1-Si1 134.69(11) N3-Si6-Ce1 34.49(15) 
Si6-Ce1-Si1 89.19(4) C17-Si6-Ce1 116.5(2) 
Si1-N1-Si2 120.2(3) F2#2-Cs1-O2 106.27(10) 
Si4-N2-Si3 121.2(3) O2-Cs1-O1 81.92(13) 
Si6-N3-Si5 121.1(3) C19-O1-Cs1 120.1(4) 
Ce1-F1-Cs1 169.02(15) C22-C21-C20 101.6(6) 
N1-Si1-C2 111.4(3) C26-O2-Cs1 133.8(3) 
C3-Si1-C1 105.5(3) C25-C24-C23 103.5(5) 
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+3/2,z+1/2    #2 x,-y+3/2,z-1/2      
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Table 3.5.11. Crystallographic parameters for 3.2-I and 3.2-N3. Adapted from work 
submitted to Inorganic Chemistry, 2014. 
 3.2-I 3.2-N3 
Empirical formula C18H54Si6N3ICe C36H108Si2N12Ce2 
Formula weight 748.20 1326.66 
Temperature (K) 100(1) 100(1) 
Crystal system rhombohedral rhombohedral 
Space group R3c R3  (#146)    
Cell constants   
                a (Å) 18.2415(10)  18.5150(10) 
                b (Å) 18.2415(10)  18.5150(10) 
                c (Å) 17.1784(10)  16.7999(9) 
                α (o) 90.00 90.00 
                β (o) 90.00 90.00 
                γ (o) 120.00 120.00 
Volume (Å
3
) 4950.3(5) 4987.5(5) 
Z 6 3 
Density (calculated) (Mg/m
3
) 1.506 1.325 
Absorption coefficient (mm
-1
) 2.544 1.602 
F(000) 2268 
2076 
 
Crystal size (mm
3
) 0.30 × 0.12 × 0.10 0.18 × 0.16 × 0.08 
Theta range for data collection 
 
2.23 to 27.52° 1.76 to 27.50° 
Index ranges 
-23 ≤ h ≤ 23, -23 ≤ k ≤ 
23, -21 ≤ l ≤ 22 
-24 ≤ h ≤ 24, -24 ≤ k ≤ 
24, -20 ≤ l ≤ 21 
Reflections collected 51009 45090 
Independent collections 2534 [R(int) = 0.0181] 5029 [R(int) = 0.0177] 
Completeness to theta = 27.49
o
 100.0 % 100.0 % 
Max. and min. transmission 0.7456 and 0.6260 0.7456 and 0.6820 
Data / restraints / parameters 2534 / 1 / 95 5029 / 1 / 203 
Goodness-of-fit on F
2
 1.078 1.257 
Final R indicies [I>2sigma(I)] 
R1 = 0.0083, wR2 = 
0.0228 
R1 = 0.0116, wR2 = 
0.0309 
R indices (all data) 
R1 = 0.0085, wR2 = 
0.0230 
R1 = 0.0126, wR2 = 
0.0398 
Largest diff. peak and hole 
(e.Å
3
) 
0.255 and -0.151 1.185 and -0.839 
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Table 3.5.12. Bond lengths for compound 3.2-I (Å). 
Ce1-N1#1  2.2153(9) N1-Si2  1.7509(10) 
Ce1-I1  2.9980(2) Si1-C3  1.8720(12) 
Ce1-Si1#2  3.4276(4) Si2-C4  1.8719(12) 
Ce1-Si2#2  3.4614(4) Ce1-N1#2  2.2153(9) 
Si1-C2  1.8671(12) Ce1-Si1  3.4276(4) 
Si2-C6  1.8670(13) Ce1-Si2  3.4613(4) 
Ce1-N1  2.2153(9) N1-Si1  1.7547(10) 
Ce1-Si1#1  3.4276(4) Si1-C1  1.8780(13) 
Ce1-Si2#1  3.4614(4) Si2-C5  1.8710(12) 
Symmetry transformations used to generate equivalent atoms:  
#1 -y+1,x-y,z    #2 -x+y+1,-x+1,z      
 
Table 3.5.13. Bond angles for compound 3.2-I (
o
). 
N1#1-Ce1-N1 117.498(14) Si1#2-Ce1-Si2 152.378(9) 
N1#1-Ce1-I1 99.19(3) N1-Ce1-Si2#2 95.32(3) 
N1#1-Ce1-Si1#1 26.62(2) Si1#1-Ce1-Si2#2 152.378(9) 
I1-Ce1-Si1#1 78.936(8) Si2#1-Ce1-Si2#2 100.327(9) 
N1#2-Ce1-Si1 104.05(2) Si2-N1-Ce1 121.11(5) 
N1#1-Ce1-Si1#2 104.05(2) N1-Si1-C3 112.68(5) 
I1-Ce1-Si1#2 78.936(8) C2-Si1-C1 109.81(6) 
N1#1-Ce1-Si2#1 25.66(3) C2-Si1-Ce1 109.37(4) 
I1-Ce1-Si2#1 117.543(7) N1-Si2-C6 111.95(5) 
Si1#2-Ce1-Si2#1 89.544(8) N1-Si2-C5 114.60(5) 
N1#2-Ce1-Si2 125.94(3) N1-Si2-Ce1 33.23(3) 
Si1-Ce1-Si2 52.277(8) C5-Si2-Ce1 123.39(4) 
N1#1-Ce1-Si2#2 125.94(3) N1-Ce1-N1#2 117.498(14) 
I1-Ce1-Si2#2 117.543(7) N1#2-Ce1-I1 99.19(3) 
Si1#2-Ce1-Si2#2 52.277(8) N1#2-Ce1-Si1#1 138.01(2) 
Si2-N1-Si1 119.94(5) N1-Ce1-Si1 26.62(2) 
N1-Si1-C2 111.75(5) Si1#1-Ce1-Si1 116.408(5) 
N1-Si1-C1 109.85(5) N1#2-Ce1-Si1#2 26.62(2) 
N1-Si1-Ce1 34.44(3) Si1-Ce1-Si1#2 116.408(5) 
C1-Si1-Ce1 79.41(4) N1#2-Ce1-Si2#1 95.32(3) 
C6-Si2-C4 108.16(6) Si1-Ce1-Si2#1 152.378(9) 
C4-Si2-C5 104.91(6) N1-Ce1-Si2 25.66(3) 
C4-Si2-Ce1 76.11(4) Si1#1-Ce1-Si2 89.544(8) 
N1#1-Ce1-N1#2 117.498(14) Si2#1-Ce1-Si2 100.327(9) 
N1-Ce1-I1 99.19(3) N1#2-Ce1-Si2#2 25.66(3) 
N1-Ce1-Si1#1 104.05(2) Si1-Ce1-Si2#2 89.544(8) 
N1#1-Ce1-Si1 138.01(2) Si2-Ce1-Si2#2 100.327(9) 
I1-Ce1-Si1 78.936(8) Si1-N1-Ce1 118.94(5) 
N1-Ce1-Si1#2 138.01(2) C2-Si1-C3 106.24(6) 
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Si1#1-Ce1-Si1#2 116.408(5) C3-Si1-C1 106.29(6) 
N1-Ce1-Si2#1 125.94(3) C3-Si1-Ce1 139.35(4) 
Si1#1-Ce1-Si2#1 52.277(8) N1-Si2-C4 109.28(5) 
N1#1-Ce1-Si2 95.32(3) C6-Si2-C5 107.55(6) 
I1-Ce1-Si2 117.543(7) C6-Si2-Ce1 126.25(4) 
Symmetry transformations used to generate equivalent atoms:  
#1 -y+1,x-y+1,z    #2 -x+y,-x+1,z      
 
Table 3.5.14. Bond lengths for compound 3.2-N3 (Å). 
Ce1-N1  2.2362(18) Si1-C2  1.867(3) 
Ce1-N6  2.250(4) Si2-N1  1.7407(19) 
Ce1-Si2#2  3.4215(7) Si2-C6  1.881(2) 
Ce1-Si1#1  3.4835(6) Si3-C7  1.871(2) 
Ce2-N2  2.2000(18) Si4-C11  1.866(2) 
Ce2-Si3#1  3.3500(6) N3-N4  1.139(8) 
Si1-N1  1.7411(19) N7-N8  1.132(9) 
Si1-C3  1.889(3) Ce1-N1#2  2.2362(18) 
Si2-C4  1.878(3) Ce1-Si2  3.4215(7) 
Si3-C9  1.866(3) Ce1-Si1  3.4835(6) 
Si4-N2  1.761(2) Ce2-N2#1  2.2000(18) 
Si4-C10  1.875(2) Ce2-N5  2.379(4) 
N6-N7  1.215(5) Ce2-Si3#2  3.3500(6) 
Ce1-N1#1  2.2362(19) Si1-C1  1.872(3) 
Ce1-N3  2.665(4) Si2-C5  1.868(2) 
Ce1-Si2#1  3.4215(7) Si3-N2  1.756(2) 
Ce1-Si1#2  3.4835(6) Si3-C8  1.883(3) 
Ce2-N2#2  2.2000(18) Si4-C12  1.871(3) 
Ce2-Si3  3.3500(6) N4-N5  1.214(7) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+y+1,-x+1,z    #2 -y+1,x-y,z      
 
 
Table 3.5.15. Bond angles for compound 3.2-N3 (
o
). 
N1-Ce1-N1#1 119.795(8) N5-Ce2-Si3#1 81.016(11) 
N1-Ce1-N6 87.39(5) N2#2-Ce2-Si3 138.64(5) 
N1-Ce1-N3 92.61(5) N2#1-Ce2-Si3#2 138.64(5) 
N6-Ce1-N3 180.000(2) N5-Ce2-Si3#2 81.016(11) 
N1#2-Ce1-Si2 137.09(5) N1-Si1-C2 111.84(10) 
N1-Ce1-Si2#2 101.56(5) N1-Si1-C3 112.01(10) 
N6-Ce1-Si2#2 106.583(12) N1-Si1-Ce1 33.07(6) 
N1-Ce1-Si2#1 137.09(5) C3-Si1-Ce1 82.05(8) 
N6-Ce1-Si2#1 106.583(12) C5-Si2-C4 108.44(12) 
Si2#2-Ce1-Si2#1 112.199(10) C4-Si2-C6 104.24(11) 
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N1#2-Ce1-Si1 100.87(5) C4-Si2-Ce1 133.26(9) 
Si2-Ce1-Si1 51.767(15) N2-Si3-C7 113.50(10) 
N1-Ce1-Si1#1 100.87(5) C9-Si3-C8 108.28(13) 
N6-Ce1-Si1#1 68.696(12) C9-Si3-Ce2 107.95(9) 
Si2#2-Ce1-Si1#1 156.823(15) N2-Si4-C11 109.74(10) 
N1-Ce1-Si1#2 131.84(5) N2-Si4-C10 114.24(10) 
N6-Ce1-Si1#2 68.696(12) Si2-N1-Si1 119.97(11) 
Si2#2-Ce1-Si1#2 51.767(15) Si3-N2-Si4 119.38(11) 
Si1#1-Ce1-Si1#2 107.578(12) N4-N3-Ce1 180.000(1) 
N2-Ce2-N2#2 115.15(4) N7-N6-Ce1 180.000(1) 
N2#2-Ce2-N5 102.92(5) N1#1-Ce1-N1#2 119.795(8) 
N2#2-Ce2-Si3#1 103.58(5) N1#2-Ce1-N6 87.39(5) 
N2-Ce2-Si3 28.29(5) N1#2-Ce1-N3 92.61(5) 
Si3#1-Ce2-Si3 117.608(6) N1#1-Ce1-Si2 101.56(5) 
N2#2-Ce2-Si3#2 28.29(5) N3-Ce1-Si2 73.417(12) 
Si3-Ce2-Si3#2 117.608(6) N1#2-Ce1-Si2#2 26.64(5) 
C2-Si1-C1 106.95(12) Si2-Ce1-Si2#2 112.199(10) 
C1-Si1-C3 105.71(12) N1#2-Ce1-Si2#1 101.56(5) 
C1-Si1-Ce1 136.97(8) Si2-Ce1-Si2#1 112.199(10) 
N1-Si2-C4 113.24(10) N1#1-Ce1-Si1 131.84(5) 
C5-Si2-C6 108.16(12) N3-Ce1-Si1 111.304(12) 
C5-Si2-Ce1 115.27(9) Si2#1-Ce1-Si1 156.823(16) 
N2-Si3-C9 110.66(11) N1#2-Ce1-Si1#1 131.84(5) 
N2-Si3-C8 109.63(11) Si2-Ce1-Si1#1 90.609(16) 
N2-Si3-Ce2 36.42(6) Si1-Ce1-Si1#1 107.578(12) 
C8-Si3-Ce2 76.79(9) N1#2-Ce1-Si1#2 25.14(5) 
C11-Si4-C12 108.18(11) Si2-Ce1-Si1#2 156.823(16) 
C12-Si4-C10 107.47(12) Si1-Ce1-Si1#2 107.578(13) 
Si1-N1-Ce1 121.80(9) N2#1-Ce2-N2#2 115.15(4) 
Si4-N2-Ce2 125.26(10) N2-Ce2-N5 102.92(5) 
N4-N5-Ce2 180.000(1) N2-Ce2-Si3#1 138.64(5) 
N1-Ce1-N1#2 119.795(8) N2#1-Ce2-Si3 103.58(5) 
N1#1-Ce1-N6 87.39(5) N5-Ce2-Si3 81.016(11) 
N1#1-Ce1-N3 92.61(5) N2-Ce2-Si3#2 103.58(5) 
N1-Ce1-Si2 26.64(5) Si3#1-Ce2-Si3#2 117.608(6) 
N6-Ce1-Si2 106.583(12) N1-Si1-C1 112.14(10) 
N1#1-Ce1-Si2#2 137.09(5) C2-Si1-C3 107.83(12) 
N3-Ce1-Si2#2 73.417(12) C2-Si1-Ce1 110.64(8) 
N1#1-Ce1-Si2#1 26.64(5) N1-Si2-C5 110.90(11) 
N3-Ce1-Si2#1 73.417(12) N1-Si2-C6 111.53(11) 
N1-Ce1-Si1 25.14(5) N1-Si2-Ce1 35.18(6) 
N6-Ce1-Si1 68.696(12) C6-Si2-Ce1 77.58(8) 
Si2#2-Ce1-Si1 90.609(16) C9-Si3-C7 107.79(12) 
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N1#1-Ce1-Si1#1 25.14(5) C7-Si3-C8 106.78(13) 
N3-Ce1-Si1#1 111.304(12) C7-Si3-Ce2 140.63(8) 
Si2#1-Ce1-Si1#1 51.767(15) N2-Si4-C12 111.47(10) 
N1#1-Ce1-Si1#2 100.87(5) C11-Si4-C10 105.41(11) 
N3-Ce1-Si1#2 111.304(12) Si2-N1-Ce1 118.18(10) 
Si2#1-Ce1-Si1#2 90.609(16) Si3-N2-Ce2 115.29(10) 
N2#1-Ce2-N2 115.15(4) N3-N4-N5 180.000(3) 
N2#1-Ce2-N5 102.92(5) N8-N7-N6 180.000(5) 
N2#1-Ce2-Si3#1 28.29(5) 
  Symmetry transformations used to generate equivalent atoms:  
#1 -x+y+1,-x+1,z    #2 -y+1,x-y,z      
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Table 3.5.16. Crystallographic parameters for 3.2-N3∙FcN3 and 3.2-NCS. Adapted from 
work submitted to Inorganic Chemistry, 2014. 
 3.2-N3∙FcN3 3.2-NCS 
Empirical formula C32H72Si6N9OCeFe C19H54Si6N4SCe 
Formula weight 963.50 679.38 
Temperature (K) 100(1) 100(1) 
Crystal system triclinic monoclinic 
Space group P   P21/c      
Cell constants   
                a (Å) 12.4526(12) 17.6275(11) 
                b (Å) 18.2076(18) 12.3266(8) 
                c (Å) 21.602(2) 16.4282(10) 
                α (o) 89.628(6) 90.00 
                β (o) 80.414(6) 96.261(3) 
                γ (o) 85.319(6) 90.00 
Volume (Å
3
) 4813.2(8) 3548.3(4) 
Z 4 4 
Density (calculated) (Mg/m
3
) 1.330 1.272 
Absorption coefficient (mm
-1
) 1.419 1.558
 
F(000) 2012 1416 
Crystal size (mm
3
) 0.24 × 0.12 × 0.03 0.40 × 0.30 × 0.18
 
Theta range for data collection 
 
1.66 to 27.61° 2.02 to 27.57° 
Index ranges 
-16 ≤ h ≤ 16, -23 ≤ k 
≤ 23, -28 ≤ l ≤ 28 
-22 ≤ h ≤ 22, -11 ≤ k ≤ 16, -
21 ≤  l ≤ 21 
Reflections collected 112915 88436 
Independent collections 
21825 [R(int) = 
0.0869] 
8172 [R(int) = 0.0182] 
Completeness to theta = 27.49
o
 97.6 %  99.6 % 
Max. and min. transmission 0.7456 and 0.6254 0.7456 and 0.6752 
Data / restraints / parameters 21825 / 0 / 938 8172 / 0 / 299 
Goodness-of-fit on F
2
 1.000 1.194 
Final R indicies [I>2sigma(I)] 
R1 = 0.0478, wR2 = 
0.0886 
R1 = 0.0185, wR2 = 0.0424 
R indices (all data) 
R1 = 0.1029, wR2 = 
0.1041 
R1 = 0.0215, wR2 = 0.0451 
Largest diff. peak and hole 
(e.Å
3
) (e.Å
3
) 
1.223 and -0.812 0.430 and -0.399
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Table 3.5.17. Bond lengths for compound 3.2-N3∙FcN3 (Å). 
Ce1-N3  2.237(3) Ce1'-Si4'  3.4342(13) 
Ce1-N4  2.325(4) Ce1'-Si3'  3.4665(13) 
Ce1-Si5  3.4431(13) N1'-Si2'  1.738(4) 
Ce1-Si6  3.4674(13) N2'-Si3'  1.749(4) 
N1-Si1  1.740(4) Si1'-C1'  1.866(5) 
N3-Si6  1.742(4) Si2'-C6'  1.863(5) 
Si1-C1  1.866(5) Si3'-C7'  1.859(5) 
Si2-C6  1.871(5) Si4'-C10'  1.869(5) 
Si3-C7  1.872(5) Si5'-C13'  1.868(5) 
Si4-C10  1.867(5) Si6'-C16'  1.876(5) 
Si5-C15  1.868(5) N4'-N5'  1.171(5) 
Si6-C17  1.867(5) N8'-N9'  1.151(5) 
N5-N6  1.150(6) Fe1'-C23'  2.069(5) 
Fe1-C28  2.061(5) Fe1'-C26'  2.086(5) 
Fe1-C23  2.061(5) Fe1'-C20'  2.092(5) 
Fe1-C22  2.067(5) C19'-C20'  1.410(6) 
Fe1-C21  2.087(5) C22'-C23'  1.408(7) 
C20-C21  1.391(9) C25'-C26'  1.400(7) 
C24-C25  1.364(8) O1-C32  1.378(8) 
C26-C27  1.354(13) C30-C31  1.516(12) 
Ce1'-N3'  2.244(3) O1'-C29'  1.410(8) 
Ce1'-N7'  2.365(4) C31'-C32'  1.504(8) 
Ce1'-Si2'  3.4532(13) Ce1-N2  2.244(3) 
Ce1'-Si1'  3.4795(14) Ce1-Si2  3.4399(13) 
N2'-Si4'  1.732(4) Ce1-Si3  3.4647(12) 
N3'-Si6'  1.734(4) N1-Si2  1.737(4) 
Si1'-C3'  1.880(5) N2-Si3  1.740(4) 
Si2'-C4'  1.879(5) Si1-C3  1.864(5) 
Si3'-C9'  1.885(5) Si2-C4  1.867(5) 
Si4'-C11'  1.878(5) Si3-C9  1.868(5) 
Si5'-C14'  1.889(5) Si4-C11  1.864(5) 
Si6'-C18'  1.888(5) Si5-C13  1.865(5) 
N7'-N8'  1.175(5) Si6-C18  1.866(5) 
Fe1'-C28'  2.057(5) N4-N5  1.172(5) 
Fe1'-C19'  2.080(5) N8-N9  1.160(6) 
Fe1'-C24'  2.091(5) Fe1-C24  2.061(5) 
C19'-C23'  1.409(7) Fe1-C26  2.066(7) 
C21'-C22'  1.413(7) Fe1-C20  2.086(6) 
C24'-C28'  1.416(7) C19-C23  1.397(9) 
C27'-C28'  1.414(7) C22-C23  1.410(8) 
C29-C30  1.445(10) C25-C26  1.354(11) 
O1'-C32'  1.394(7) Ce1'-N2'  2.232(3) 
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C30'-C31'  1.497(8) Ce1'-N4'  2.320(4) 
Ce1-N1  2.240(3) Ce1'-Si5'  3.4376(13) 
Ce1-N7  2.369(4) Ce1'-Si6'  3.4727(14) 
Ce1-Si4  3.4568(13) N1'-Si1'  1.746(4) 
Ce1-Si1  3.4749(13) N3'-Si5'  1.733(4) 
N2-Si4  1.735(4) Si1'-C2'  1.879(5) 
N3-Si5  1.743(4) Si2'-C5'  1.877(5) 
Si1-C2  1.872(5) Si3'-C8'  1.874(5) 
Si2-C5  1.878(5) Si4'-C12'  1.869(5) 
Si3-C8  1.873(5) Si5'-C15'  1.875(5) 
Si4-C12  1.879(5) Si6'-C17'  1.884(5) 
Si5-C14  1.877(5) N5'-N6'  1.138(6) 
Si6-C16  1.869(5) Fe1'-C27'  2.045(5) 
N7-N8  1.188(5) Fe1'-C22'  2.071(5) 
Fe1-C27  2.061(7) Fe1'-C21'  2.089(5) 
Fe1-C19  2.064(6) Fe1'-C25'  2.098(5) 
Fe1-C25  2.068(6) C20'-C21'  1.414(7) 
C19-C20  1.378(9) C24'-C25'  1.410(7) 
C21-C22  1.367(8) C26'-C27'  1.409(7) 
C24-C28  1.378(8) O1-C29  1.388(7) 
C27-C28  1.418(12) C31-C32  1.492(12) 
Ce1'-N1'  2.248(3) C29'-C30'  1.474(9) 
 
Table 3.5.18. Bond angles for compound 3.2-N3∙FcN3 (
o
). 
N3-Ce1-N1 121.63(13) N1'-Ce1'-N4' 89.11(13) 
N3-Ce1-N4 88.69(13) N1'-Ce1'-N7' 90.97(13) 
N3-Ce1-N7 89.38(13) N3'-Ce1'-Si4' 133.34(9) 
N4-Ce1-N7 176.72(13) N7'-Ce1'-Si4' 71.38(9) 
N2-Ce1-Si2 134.82(9) N1'-Ce1'-Si5' 101.74(9) 
N3-Ce1-Si5 26.22(9) Si4'-Ce1'-Si5' 155.33(3) 
N4-Ce1-Si5 69.20(10) N1'-Ce1'-Si2' 25.97(9) 
N3-Ce1-Si4 135.09(9) Si4'-Ce1'-Si2' 112.58(3) 
N4-Ce1-Si4 108.51(10) N3'-Ce1'-Si3' 99.11(9) 
Si5-Ce1-Si4 156.99(3) N7'-Ce1'-Si3' 109.21(9) 
N2-Ce1-Si3 25.70(9) Si2'-Ce1'-Si3' 158.96(3) 
Si2-Ce1-Si3 155.97(3) N1'-Ce1'-Si6' 136.23(9) 
N3-Ce1-Si6 25.58(9) Si4'-Ce1'-Si6' 109.35(3) 
N4-Ce1-Si6 106.83(10) Si3'-Ce1'-Si6' 88.52(3) 
Si5-Ce1-Si6 51.77(3) N1'-Ce1'-Si1' 25.57(9) 
N3-Ce1-Si1 135.09(9) Si4'-Ce1'-Si1' 92.31(3) 
N4-Ce1-Si1 69.84(10) Si3'-Ce1'-Si1' 110.69(3) 
Si5-Ce1-Si1 109.85(3) Si2'-N1'-Ce1' 119.52(18) 
Si6-Ce1-Si1 158.90(3) Si4'-N2'-Ce1' 119.55(18) 
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Si1-N1-Ce1 121.12(18) Si5'-N3'-Ce1' 119.02(18) 
Si3-N2-Ce1 120.31(18) N1'-Si1'-C2' 112.6(2) 
Si5-N3-Ce1 119.25(18) C1'-Si1'-C3' 108.5(2) 
C3-Si1-C1 108.1(3) C1'-Si1'-Ce1' 111.07(16) 
C1-Si1-C2 106.4(2) N1'-Si2'-C6' 111.8(2) 
C1-Si1-Ce1 116.03(18) N1'-Si2'-C4' 112.3(2) 
N1-Si2-C6 111.7(2) N1'-Si2'-Ce1' 34.51(12) 
C4-Si2-C5 104.2(2) C4'-Si2'-Ce1' 133.43(16) 
C4-Si2-Ce1 136.67(16) C7'-Si3'-C8' 107.3(2) 
N2-Si3-C9 110.6(2) C8'-Si3'-C9' 104.7(2) 
N2-Si3-C8 113.01(19) C8'-Si3'-Ce1' 81.33(16) 
N2-Si3-Ce1 34.00(11) N2'-Si4'-C12' 112.5(2) 
C8-Si3-Ce1 81.25(15) C10'-Si4'-C11' 107.0(2) 
C11-Si4-C10 106.8(2) C10'-Si4'-Ce1' 112.73(17) 
C10-Si4-C12 108.2(2) N3'-Si5'-C13' 111.2(2) 
C10-Si4-Ce1 113.32(17) N3'-Si5'-C14' 113.3(2) 
N3-Si5-C15 111.8(2) N3'-Si5'-Ce1' 34.81(12) 
C13-Si5-C14 107.0(2) C14'-Si5'-Ce1' 80.86(15) 
C13-Si5-Ce1 111.07(17) C16'-Si6'-C17' 105.9(3) 
N3-Si6-C18 112.7(2) C17'-Si6'-C18' 105.7(2) 
N3-Si6-C16 111.5(2) C17'-Si6'-Ce1' 81.09(16) 
N3-Si6-Ce1 33.67(12) N6'-N5'-N4' 179.3(7) 
C16-Si6-Ce1 114.28(16) C27'-Fe1'-C28' 40.3(2) 
N8-N7-Ce1 154.0(3) C27'-Fe1'-C22' 106.6(2) 
C28-Fe1-C24 39.1(2) C27'-Fe1'-C19' 158.8(2) 
C27-Fe1-C23 115.6(3) C22'-Fe1'-C19' 66.5(2) 
C27-Fe1-C19 143.5(4) C23'-Fe1'-C26' 158.6(2) 
C28-Fe1-C26 65.5(3) C27'-Fe1'-C21' 122.3(2) 
C23-Fe1-C26 144.7(4) C22'-Fe1'-C21' 39.72(19) 
C27-Fe1-C22 114.4(3) C27'-Fe1'-C24' 67.0(2) 
C19-Fe1-C22 66.1(2) C22'-Fe1'-C24' 156.72(19) 
C27-Fe1-C25 64.9(3) C21'-Fe1'-C24' 162.6(2) 
C19-Fe1-C25 137.4(3) C23'-Fe1'-C20' 66.63(19) 
C28-Fe1-C20 141.6(3) C26'-Fe1'-C20' 125.5(2) 
C23-Fe1-C20 65.8(2) C27'-Fe1'-C25' 66.3(2) 
C22-Fe1-C20 65.2(2) C22'-Fe1'-C25' 160.65(19) 
C27-Fe1-C21 139.3(4) C21'-Fe1'-C25' 127.3(2) 
C19-Fe1-C21 65.3(2) C23'-C19'-C20' 108.4(4) 
C25-Fe1-C21 117.1(2) C19'-C20'-C21' 107.8(4) 
C20-C19-Fe1 71.4(3) C22'-C21'-C20' 107.9(4) 
C19-C20-Fe1 69.8(4) C23'-C22'-C21' 108.1(4) 
C22-C21-Fe1 70.0(3) C22'-C23'-C19' 107.9(4) 
C21-C22-Fe1 71.6(3) C25'-C24'-C28' 107.5(4) 
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C19-C23-Fe1 70.3(3) C26'-C25'-C24' 109.0(4) 
C25-C24-Fe1 71.0(3) C25'-C26'-C27' 107.5(5) 
C26-C25-Fe1 70.8(4) C26'-C27'-C28' 108.5(5) 
C27-C26-Fe1 70.6(5) C27'-C28'-C24' 107.5(4) 
C26-C27-Fe1 71.1(4) C32-O1-C29 102.6(5) 
C24-C28-Fe1 70.5(3) C32-C31-C30 102.8(6) 
N2'-Ce1'-N1' 121.52(13) O1'-C29'-C30' 106.0(6) 
N3'-Ce1'-N4' 90.07(13) O1'-C32'-C31' 107.1(5) 
N3'-Ce1'-N7' 90.95(13) N1-Ce1-N2 118.91(13) 
N2'-Ce1'-Si4' 26.02(9) N2-Ce1-N4 90.09(13) 
N4'-Ce1'-Si4' 107.41(10) N2-Ce1-N7 93.17(13) 
N3'-Ce1'-Si5' 26.16(9) N1-Ce1-Si2 26.14(9) 
N7'-Ce1'-Si5' 110.39(9) N7-Ce1-Si2 71.08(9) 
N3'-Ce1'-Si2' 101.82(9) N2-Ce1-Si5 133.48(9) 
N7'-Ce1'-Si2' 72.70(9) Si2-Ce1-Si5 91.59(3) 
N2'-Ce1'-Si3' 25.73(9) N2-Ce1-Si4 25.75(9) 
N4'-Ce1'-Si3' 69.93(9) Si2-Ce1-Si4 110.50(3) 
Si5'-Ce1'-Si3' 107.44(3) N1-Ce1-Si3 132.22(9) 
N3'-Ce1'-Si6' 25.32(9) N7-Ce1-Si3 112.12(9) 
N7'-Ce1'-Si6' 72.74(9) Si4-Ce1-Si3 51.43(3) 
Si2'-Ce1'-Si6' 111.53(3) N2-Ce1-Si6 100.58(9) 
N3'-Ce1'-Si1' 134.27(9) Si2-Ce1-Si6 113.24(3) 
N7'-Ce1'-Si1' 109.85(9) Si3-Ce1-Si6 89.76(3) 
Si2'-Ce1'-Si1' 51.51(3) N2-Ce1-Si1 100.26(9) 
Si2'-N1'-Si1' 119.7(2) Si2-Ce1-Si1 51.52(3) 
Si4'-N2'-Si3' 119.8(2) Si3-Ce1-Si1 107.89(3) 
Si5'-N3'-Si6' 119.9(2) Si2-N1-Ce1 119.23(18) 
N1'-Si1'-C1' 111.4(2) Si4-N2-Ce1 120.07(17) 
N1'-Si1'-C3' 112.0(2) Si6-N3-Ce1 120.75(19) 
N1'-Si1'-Ce1' 33.76(11) N1-Si1-C1 112.3(2) 
C3'-Si1'-Ce1' 135.84(18) C3-Si1-C2 105.1(2) 
C6'-Si2'-C5' 106.3(2) C3-Si1-Ce1 131.86(18) 
C5'-Si2'-C4' 106.3(2) N1-Si2-C4 112.9(2) 
C5'-Si2'-Ce1' 78.39(15) N1-Si2-C5 111.71(19) 
N2'-Si3'-C8' 112.8(2) N1-Si2-Ce1 34.63(12) 
C7'-Si3'-C9' 108.5(2) C5-Si2-Ce1 79.77(15) 
C7'-Si3'-Ce1' 111.97(16) C9-Si3-C7 109.5(2) 
N2'-Si4'-C10' 111.6(2) C7-Si3-C8 106.6(2) 
N2'-Si4'-C11' 112.3(2) C7-Si3-Ce1 112.59(15) 
N2'-Si4'-Ce1' 34.43(12) N2-Si4-C10 111.5(2) 
C11'-Si4'-Ce1' 79.88(15) C11-Si4-C12 105.7(2) 
C13'-Si5'-C15' 109.1(2) C11-Si4-Ce1 79.36(16) 
C15'-Si5'-C14' 104.1(2) N3-Si5-C13 111.4(2) 
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C15'-Si5'-Ce1' 135.54(17) N3-Si5-C14 113.0(2) 
N3'-Si6'-C17' 113.3(2) N3-Si5-Ce1 34.53(12) 
C16'-Si6'-C18' 108.8(3) C14-Si5-Ce1 81.07(15) 
C16'-Si6'-Ce1' 113.38(18) C18-Si6-C17 106.1(2) 
N5'-N4'-Ce1' 173.0(4) C17-Si6-C16 106.0(2) 
N9'-N8'-N7' 179.1(5) C17-Si6-Ce1 79.98(16) 
C28'-Fe1'-C23' 106.7(2) N6-N5-N4 178.3(6) 
C23'-Fe1'-C22' 39.78(18) C28-Fe1-C27 40.2(3) 
C23'-Fe1'-C19' 39.69(18) C28-Fe1-C23 111.7(2) 
C28'-Fe1'-C26' 67.2(2) C28-Fe1-C19 113.5(3) 
C19'-Fe1'-C26' 160.58(19) C23-Fe1-C19 39.6(2) 
C23'-Fe1'-C21' 66.66(19) C24-Fe1-C26 64.4(3) 
C26'-Fe1'-C21' 110.2(2) C28-Fe1-C22 138.9(3) 
C23'-Fe1'-C24' 123.0(2) C23-Fe1-C22 39.9(2) 
C26'-Fe1'-C24' 66.42(19) C28-Fe1-C25 65.6(2) 
C28'-Fe1'-C20' 161.0(2) C23-Fe1-C25 175.5(3) 
C19'-Fe1'-C20' 39.50(18) C22-Fe1-C25 144.4(3) 
C24'-Fe1'-C20' 127.28(19) C24-Fe1-C20 115.0(2) 
C23'-Fe1'-C25' 159.4(2) C26-Fe1-C20 139.5(4) 
C26'-Fe1'-C25' 39.10(18) C28-Fe1-C21 177.2(3) 
C20'-Fe1'-C25' 113.0(2) C23-Fe1-C21 65.7(2) 
C20'-C19'-Fe1' 70.7(3) C22-Fe1-C21 38.4(2) 
C21'-C20'-Fe1' 70.1(3) C20-C19-C23 108.5(5) 
C20'-C21'-Fe1' 70.4(3) C19-C20-C21 108.1(6) 
C21'-C22'-Fe1' 70.8(3) C22-C21-C20 108.5(6) 
C19'-C23'-Fe1' 70.6(3) C21-C22-C23 108.3(6) 
C28'-C24'-Fe1' 68.8(3) C19-C23-C22 106.7(5) 
C24'-C25'-Fe1' 70.0(3) C25-C24-C28 109.2(6) 
C27'-C26'-Fe1' 68.5(3) C26-C25-C24 107.9(7) 
C28'-C27'-Fe1' 70.3(3) C27-C26-C25 109.7(7) 
C24'-C28'-Fe1' 71.3(3) C26-C27-C28 107.4(7) 
C29-C30-C31 102.4(7) C24-C28-C27 105.8(6) 
C32'-O1'-C29' 107.2(5) N2'-Ce1'-N3' 117.64(12) 
C30'-C31'-C32' 104.9(5) N2'-Ce1'-N4' 88.73(13) 
N3-Ce1-N2 119.36(13) N2'-Ce1'-N7' 90.18(13) 
N1-Ce1-N4 88.13(13) N4'-Ce1'-N7' 178.77(13) 
N1-Ce1-N7 90.64(13) N1'-Ce1'-Si4' 102.84(9) 
N3-Ce1-Si2 102.99(9) N2'-Ce1'-Si5' 131.93(9) 
N4-Ce1-Si2 106.80(10) N4'-Ce1'-Si5' 70.80(10) 
N1-Ce1-Si5 102.14(9) N2'-Ce1'-Si2' 137.33(9) 
N7-Ce1-Si5 108.12(10) N4'-Ce1'-Si2' 107.76(9) 
N1-Ce1-Si4 100.65(9) Si5'-Ce1'-Si2' 90.72(3) 
N7-Ce1-Si4 74.70(10) N1'-Ce1'-Si3' 135.16(9) 
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N3-Ce1-Si3 100.88(9) Si4'-Ce1'-Si3' 51.74(3) 
N4-Ce1-Si3 70.86(10) N2'-Ce1'-Si6' 99.40(9) 
Si5-Ce1-Si3 108.95(3) N4'-Ce1'-Si6' 108.01(10) 
N1-Ce1-Si6 137.92(9) Si5'-Ce1'-Si6' 51.48(3) 
N7-Ce1-Si6 72.19(10) N2'-Ce1'-Si1' 103.01(9) 
Si4-Ce1-Si6 110.71(3) N4'-Ce1'-Si1' 69.86(10) 
N1-Ce1-Si1 25.38(9) Si5'-Ce1'-Si1' 109.24(3) 
N7-Ce1-Si1 109.89(9) Si6'-Ce1'-Si1' 157.40(3) 
Si4-Ce1-Si1 89.69(3) Si1'-N1'-Ce1' 120.67(18) 
Si2-N1-Si1 119.6(2) Si3'-N2'-Ce1' 120.62(18) 
Si4-N2-Si3 119.56(19) Si6'-N3'-Ce1' 121.06(18) 
Si6-N3-Si5 119.9(2) C1'-Si1'-C2' 107.2(2) 
N1-Si1-C3 111.7(2) C2'-Si1'-C3' 104.8(2) 
N1-Si1-C2 112.77(19) C2'-Si1'-Ce1' 81.43(17) 
N1-Si1-Ce1 33.49(11) N1'-Si2'-C5' 111.66(19) 
C2-Si1-Ce1 80.48(15) C6'-Si2'-C4' 108.1(2) 
C4-Si2-C6 108.9(2) C6'-Si2'-Ce1' 114.90(17) 
C6-Si2-C5 107.0(2) N2'-Si3'-C7' 111.1(2) 
C6-Si2-Ce1 110.92(16) N2'-Si3'-C9' 112.2(2) 
N2-Si3-C7 112.0(2) N2'-Si3'-Ce1' 33.65(12) 
C9-Si3-C8 104.7(2) C9'-Si3'-Ce1' 135.05(18) 
C9-Si3-Ce1 133.57(16) C10'-Si4'-C12' 109.1(2) 
N2-Si4-C11 111.8(2) C12'-Si4'-C11' 104.0(2) 
N2-Si4-C12 112.5(2) C12'-Si4'-Ce1' 134.67(17) 
N2-Si4-Ce1 34.18(11) N3'-Si5'-C15' 111.9(2) 
C12-Si4-Ce1 134.59(17) C13'-Si5'-C14' 106.9(2) 
C13-Si5-C15 108.6(2) C13'-Si5'-Ce1' 111.44(16) 
C15-Si5-C14 104.7(2) N3'-Si6'-C16' 110.9(2) 
C15-Si5-Ce1 136.01(18) N3'-Si6'-C18' 111.9(2) 
N3-Si6-C17 112.4(2) N3'-Si6'-Ce1' 33.62(11) 
C18-Si6-C16 107.7(2) C18'-Si6'-Ce1' 133.42(19) 
C18-Si6-Ce1 133.96(17) N8'-N7'-Ce1' 172.4(3) 
N5-N4-Ce1 175.9(4) C27'-Fe1'-C23' 122.2(2) 
N9-N8-N7 179.5(6) C28'-Fe1'-C22' 120.7(2) 
C27-Fe1-C24 65.5(3) C28'-Fe1'-C19' 124.1(2) 
C24-Fe1-C23 137.1(3) C27'-Fe1'-C26' 39.86(19) 
C24-Fe1-C19 112.0(2) C22'-Fe1'-C26' 124.0(2) 
C27-Fe1-C26 38.3(4) C28'-Fe1'-C21' 156.4(2) 
C19-Fe1-C26 175.7(4) C19'-Fe1'-C21' 66.3(2) 
C24-Fe1-C22 176.9(3) C28'-Fe1'-C24' 39.93(19) 
C26-Fe1-C22 117.7(3) C19'-Fe1'-C24' 110.81(19) 
C24-Fe1-C25 38.6(2) C27'-Fe1'-C20' 158.5(2) 
C26-Fe1-C25 38.2(3) C22'-Fe1'-C20' 66.6(2) 
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C27-Fe1-C20 177.6(4) C21'-Fe1'-C20' 39.52(19) 
C19-Fe1-C20 38.8(2) C28'-Fe1'-C25' 66.5(2) 
C25-Fe1-C20 113.9(3) C19'-Fe1'-C25' 126.5(2) 
C24-Fe1-C21 143.6(3) C24'-Fe1'-C25' 39.35(18) 
C26-Fe1-C21 115.8(3) C23'-C19'-Fe1' 69.7(3) 
C20-Fe1-C21 38.9(2) C19'-C20'-Fe1' 69.8(3) 
C23-C19-Fe1 70.1(3) C22'-C21'-Fe1' 69.4(3) 
C21-C20-Fe1 70.6(3) C23'-C22'-Fe1' 70.0(3) 
C20-C21-Fe1 70.5(3) C22'-C23'-Fe1' 70.2(3) 
C23-C22-Fe1 69.8(3) C25'-C24'-Fe1' 70.6(3) 
C22-C23-Fe1 70.2(3) C26'-C25'-Fe1' 70.0(3) 
C28-C24-Fe1 70.5(3) C25'-C26'-Fe1' 70.9(3) 
C24-C25-Fe1 70.4(3) C26'-C27'-Fe1' 71.6(3) 
C25-C26-Fe1 70.9(4) C27'-C28'-Fe1' 69.4(3) 
C28-C27-Fe1 69.9(4) O1-C29-C30 106.3(6) 
C27-C28-Fe1 69.9(4) O1-C32-C31 104.3(7) 
N3'-Ce1'-N1' 120.79(12) C29'-C30'-C31' 102.5(6) 
 
Table 3.5.19. Bond lengths for compound 3.2-NCS (Å). 
Ce1-N3  2.2020(14) Si2-C5  1.864(2) 
Ce1-N4  2.3066(15) Si3-C8  1.862(2) 
Ce1-Si4  3.4093(5) Si4-C12  1.8667(19) 
Ce1-Si1  3.4814(5) Si5-C14  1.8652(19) 
N2-Si4  1.7361(15) Si6-C16  1.8622(18) 
N3-Si5  1.7552(15) C19-N4  1.170(3) 
Si1-C2  1.869(2) Ce1-N2  2.2225(14) 
Si2-C4  1.8826(19) Ce1-Si2  3.3629(5) 
Si3-C9  1.873(2) Ce1-Si5  3.4789(5) 
Si4-C10  1.8728(17) N1-Si1  1.7507(15) 
Si5-C15  1.8688(19) N3-Si6  1.7419(15) 
Si6-C18  1.8774(19) Si1-C1  1.8670(19) 
Ce1-N1  2.2141(14) Si2-C6  1.869(2) 
Ce1-Si6  3.3486(5) Si3-C7  1.866(2) 
Ce1-Si3  3.4500(5) Si4-C11  1.8671(18) 
N1-Si2  1.7351(15) Si5-C13  1.8676(19) 
N2-Si3  1.7458(15) Si6-C17  1.8680(19) 
Si1-C3  1.866(2) C19-S1  1.589(2) 
 
Table 3.5.20. Bond angles for compound 3.2-NCS (
o
). 
N3-Ce1-N1 120.45(5) C3-Si1-C2 107.71(13) 
N3-Ce1-N4 92.73(5) C3-Si1-Ce1 138.53(9) 
N3-Ce1-Si6 27.95(4) N1-Si2-C5 112.14(9) 
N4-Ce1-Si6 114.58(4) N1-Si2-C4 107.10(8) 
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N2-Ce1-Si2 100.79(4) N1-Si2-Ce1 36.20(5) 
N3-Ce1-Si4 98.25(4) C4-Si2-Ce1 70.99(6) 
N4-Ce1-Si4 111.44(4) C8-Si3-C7 109.75(11) 
N3-Ce1-Si3 134.06(4) C7-Si3-C9 106.17(11) 
N4-Ce1-Si3 72.30(4) C7-Si3-Ce1 80.18(7) 
Si4-Ce1-Si3 52.497(12) N2-Si4-C11 112.42(8) 
N2-Ce1-Si5 104.44(4) C12-Si4-C10 106.13(9) 
Si2-Ce1-Si5 154.061(12) C12-Si4-Ce1 122.16(7) 
N3-Ce1-Si1 105.72(4) N3-Si5-C14 110.77(8) 
N4-Ce1-Si1 71.32(4) N3-Si5-C15 111.31(8) 
Si4-Ce1-Si1 155.780(12) N3-Si5-Ce1 32.19(5) 
Si2-N1-Si1 121.34(8) C15-Si5-Ce1 137.81(7) 
Si4-N2-Si3 121.23(8) C16-Si6-C17 108.10(9) 
Si6-N3-Si5 121.52(8) C17-Si6-C18 105.49(9) 
N1-Si1-C3 111.58(9) C17-Si6-Ce1 123.13(6) 
N1-Si1-C2 111.13(10) C19-N4-Ce1 175.44(16) 
N1-Si1-Ce1 32.48(5) N1-Ce1-N2 120.42(5) 
C2-Si1-Ce1 106.78(9) N2-Ce1-N4 92.20(6) 
C5-Si2-C6 108.46(10) N2-Ce1-Si6 130.38(4) 
C6-Si2-C4 105.69(10) N1-Ce1-Si2 27.57(4) 
C6-Si2-Ce1 123.08(7) Si6-Ce1-Si2 104.972(13) 
N2-Si3-C7 110.05(8) N2-Ce1-Si4 26.61(4) 
C8-Si3-C9 107.25(11) Si2-Ce1-Si4 107.726(12) 
C8-Si3-Ce1 108.42(7) N2-Ce1-Si3 25.91(4) 
N2-Si4-C12 113.34(8) Si2-Ce1-Si3 93.284(13) 
N2-Si4-C10 107.73(7) N1-Ce1-Si5 132.95(4) 
N2-Si4-Ce1 34.99(5) Si6-Ce1-Si5 53.053(12) 
C10-Si4-Ce1 72.81(6) Si3-Ce1-Si5 112.118(13) 
C14-Si5-C13 109.49(9) N2-Ce1-Si1 133.40(4) 
C13-Si5-C15 106.84(9) Si2-Ce1-Si1 52.686(12) 
C13-Si5-Ce1 82.91(6) Si5-Ce1-Si1 110.628(12) 
N3-Si6-C17 114.94(8) Si1-N1-Ce1 122.39(7) 
C16-Si6-C18 108.88(9) Si3-N2-Ce1 120.30(8) 
C16-Si6-Ce1 127.33(6) Si5-N3-Ce1 122.68(7) 
N4-C19-S1 178.9(2) C3-Si1-C1 106.87(10) 
N3-Ce1-N2 118.68(5) C1-Si1-C2 109.48(11) 
N1-Ce1-N4 91.71(6) C1-Si1-Ce1 82.24(6) 
N1-Ce1-Si6 100.65(4) N1-Si2-C6 114.73(9) 
N3-Ce1-Si2 131.90(4) C5-Si2-C4 108.35(9) 
N4-Ce1-Si2 113.20(4) C5-Si2-Ce1 126.92(7) 
N1-Ce1-Si4 134.09(4) N2-Si3-C8 110.82(9) 
Si6-Ce1-Si4 104.231(11) N2-Si3-C9 112.64(9) 
N1-Ce1-Si3 103.58(4) N2-Si3-Ce1 33.79(5) 
167 
 
Si6-Ce1-Si3 154.619(12) C9-Si3-Ce1 138.87(8) 
N3-Ce1-Si5 25.13(4) C12-Si4-C11 107.51(9) 
N4-Ce1-Si5 71.99(4) C11-Si4-C10 109.50(9) 
Si4-Ce1-Si5 92.568(11) C11-Si4-Ce1 127.84(7) 
N1-Ce1-Si1 25.13(4) N3-Si5-C13 110.65(8) 
Si6-Ce1-Si1 95.582(13) C14-Si5-C15 107.66(9) 
Si3-Ce1-Si1 109.582(14) C14-Si5-Ce1 107.16(6) 
Si2-N1-Ce1 116.23(7) N3-Si6-C16 112.40(8) 
Si4-N2-Ce1 118.40(7) N3-Si6-C18 106.67(8) 
Si6-N3-Ce1 115.73(7) N3-Si6-Ce1 36.33(5) 
N1-Si1-C1 109.95(8) C18-Si6-Ce1 70.42(6) 
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Table 3.5.21. Crystallographic parameters for 3.5. 
 3.5 
Empirical formula C17H32NO3ClCe 
Formula weight 474.01 
Temperature (K) 143(1) K 
Crystal system Monoclinic 
Space group P21/c      
Cell constants  
                a (Å) 13.7404(13) 
                b (Å) 17.8863(16) 
                c (Å) 9.9292(10) 
                α (o) 90.00 
                β (o) 110.967(5) 
                γ (o) 90.00 
Volume (Å
3
) 2278.7(4) 
Z 4 
Density (calculated) (Mg/m
3
) 1.382 
Absorption coefficient (mm
-1
) 2.126 
F(000) 960 
Crystal size (mm
3
) 0.18 × 0.12 × 0.02 
Theta range for data collection 
 
1.59 to 27.62° 
Index ranges 
-17 ≤ h ≤ 17, -23 ≤ k ≤ 22,  
-12 ≤ l ≤ 12 
Reflections collected 37406 
Independent collections 5200 [R(int) = 0.1850] 
Completeness to theta = 27.49
o
 98.2 % 
Max. and min. transmission 0.7456 and 0.6133 
Data / restraints / parameters 5200 / 0 / 219 
Goodness-of-fit on F
2
 1.012 
Final R indicies [I>2sigma(I)] R1 = 0.0671, wR2 = 0.1246 
R indices (all data) R1 = 0.1522, wR2 = 0.1542 
Largest diff. peak and hole (e.Å
3
) (e.Å
3
) 1.362 and -1.476 
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Table 3.5.22. Bond lengths for compound 3.5 (Å). 
Ce1-O2  2.052(7) C1-C2  1.49(2) 
Ce1-N1  2.653(10) C5-C6  1.50(2) 
Cl1-Ce1#1  2.827(3) C9-C12  1.515(17) 
O3-C9  1.402(12) C14-C15  1.343(18) 
C1-C3  1.49(2) Ce1-O1  2.070(8) 
C5-C7  1.441(18) Ce1-Cl1  2.873(3) 
C9-C10  1.493(17) O2-C5  1.394(14) 
C13-C14  1.371(16) N1-C17  1.327(15) 
C16-C17  1.371(16) C1-C4  1.513(18) 
Ce1-O3  2.066(8) C5-C8  1.51(2) 
Ce1-Cl1#1  2.827(3) C9-C11  1.52(2) 
O1-C1  1.399(14) C15-C16  1.381(16) 
N1-C13  1.317(14) 
   
Table 3.5.23. Bond angles for compound 3.5 (
o
). 
O2-Ce1-O3 98.7(3) O1-C1-C4 110.2(11) 
O2-Ce1-N1 83.0(3) O2-C5-C7 110.3(11) 
O2-Ce1-Cl1#1 158.2(2) O2-C5-C8 106.5(11) 
N1-Ce1-Cl1#1 82.2(2) O3-C9-C10 109.4(11) 
O1-Ce1-Cl1 160.7(2) O3-C9-C11 107.5(11) 
Ce1#1-Cl1-Ce1 103.74(9) N1-C13-C14 124.4(12) 
C9-O3-Ce1 169.1(8) C17-C16-C15 117.6(12) 
C17-N1-Ce1 122.0(7) O3-Ce1-O1 98.9(3) 
C3-C1-C2 110.9(16) O1-Ce1-N1 84.3(3) 
C2-C1-C4 108.1(17) O1-Ce1-Cl1#1 91.2(2) 
C7-C5-C6 113.0(13) O3-Ce1-Cl1 96.8(2) 
C6-C5-C8 109.1(14) Cl1#1-Ce1-Cl1 76.26(9) 
C10-C9-C12 111.7(12) C5-O2-Ce1 172.1(8) 
C12-C9-C11 110.6(12) C13-N1-Ce1 121.0(9) 
C14-C15-C16 119.5(12) O1-C1-C2 108.6(12) 
O2-Ce1-O1 103.3(3) C3-C1-C4 110.4(15) 
O3-Ce1-N1 175.8(3) O2-C5-C6 108.8(11) 
O3-Ce1-Cl1#1 95.0(2) C7-C5-C8 109.0(14) 
O2-Ce1-Cl1 85.3(2) O3-C9-C12 108.9(10) 
N1-Ce1-Cl1 79.5(2) C10-C9-C11 108.7(12) 
C1-O1-Ce1 165.0(8) C15-C14-C13 118.3(11) 
C13-N1-C17 116.2(11) N1-C17-C16 123.9(11) 
O1-C1-C3 108.6(14) 
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3.6 Spectroscopic data 
1
H NMR, 
13
C NMR, and 
19
F NMR spectra were obtained on a Bruker DMX–300 
Fourier transform NMR spectrometer at 300 MHz, 91 MHz, and 282 MHz. Chemical 
shifts were recorded in units of parts per million referenced to residual solvent peaks 
(
1
H), characteristic solvent peaks (
13
C{
1
H}), or an external solution standard of CFCl3 at 
zero ppm (
19
F). The infrared spectra were obtained from 400-4000 cm
-1
 using a Perkin 
Elmer 1600 series infrared spectrometer. The UV-Visible absorption spectra were 
obtained from 1000–225 nm using a Perkin Elmer 950 UV-Vis/NIR Spectrophotometer, 
and all samples were prepared under an N2 environment. 1 mm pathlength screw cap 
quartz cells were used with a blank measured before each run. Deconvolution of the UV-
Vis spectra was performed using fityk.
62 
 
 
 
 
 
 
 
 
 
 
 
 
171 
 
 
 
Figure 3.6.1. 
1
H NMR (top left), 
19
F NMR (top right) and 
13
C{
1
H} NMR (bottom) of 
3.2-F in benzene-d6. Adapted with permission from Inorganic Chemistry 2014, 53, 27.  
Copyright 2014, American Chemical Society. 
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Figure 3.6.2. 
1
H NMR (top) and 
13
C{
1
H} NMR (bottom) of 3.2-Cl in benzene-d6. 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.3. 
1
H NMR (top) and 
13
C{
1
H} NMR (bottom) of 3.2-Br in benzene-d6. Reprinted from 
work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.4. 
1
H NMR (top) and 
13
C{
1
H} NMR (bottom) of 3.2-I in benzene-d6. 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.5. 
1
H NMR of 3.2-N3 in benzene-d6 (top) and pyridine-d5 (bottom). Reprinted from 
work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.6. 
1
H NMR (top) and 
13
C{
1
H} NMR (bottom) of 3.2-NCS in benzene-d6. 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.7. 
1
H NMR of 3.5 in benzene-d6 (top) and in pyridine-d5 (bottom).  
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Figure 3.6.8. Electronic absorption spectrum of 3.2-F collected in THF (blue), 
component fits used for spectral deconvolution (red), and sum of component fits (black). 
Reprinted with permission from Inorganic Chemistry 2014, 53, 27.  Copyright 2014, 
American Chemical Society. 
 
Figure 3.6.9. Electronic absorption spectrum of 3.2-F collected in hexanes (blue), 
component fits used for spectral deconvolution (red), and sum of component fits (black). 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.10. Electronic absorption spectrum of 3.2-Cl collected in hexanes (blue), 
component fits used for spectral deconvolution (red), and sum of component fits (black). 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
Figure 3.6.11. Electronic absorption spectrum of 3.2-Br collected in hexanes (blue), 
component fits used for spectral deconvolution (red), and sum of component fits (black). 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.12. Electronic absorption spectrum of 3.2-I collected in hexanes (blue), 
component fits used for spectral deconvolution (red), and sum of component fits (black). 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
 
Figure 3.6.13. Electronic absorption spectrum of 3.2-NCS collected in hexanes (blue), 
component fits used for spectral deconvolution (red), and sum of component fits (black). 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.14. Calculated (red) and experimental (blue) IR spectra of 3.2-F measured in 
KBr. Adapted with permission from Inorganic Chemistry 2014, 53, 27.  Copyright 2014, 
American Chemical Society. 
 
 
Figure 3.6.15. Calculated (red) and experimental (blue) IR spectra of 3.2-F measured in 
Nujol. Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.16. Calculated (red) and experimental (blue) IR spectra of 3.2-Cl measured in 
Nujol. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
 
Figure 3.6.17. Calculated (red) and experimental (blue) IR spectra of 3.2-Br measured in 
Nujol. Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.18. Calculated (red) and experimental (blue) IR spectra of 3.2-I measured in 
Nujol. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 
 
Figure 3.6.19. Calculated (red) and experimental (blue) IR spectra of 3.2-N3 measured in 
Nujol. Reprinted from work submitted to Inorganic Chemistry, 2014. 
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Figure 3.6.20. Calculated (red) and experimental (blue) IR spectra of 3.2-NCS measured 
in Nujol. Reprinted from work submitted to Inorganic Chemistry, 2014. 
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3.7 Electrochemical data 
Cyclic voltammetry experiments were performed using a CH Instruments 620D 
Electrochemical Analyzer/Workstation and the data were processed using CHI software v 
9.24. All experiments were performed in an N2 atmosphere drybox using electrochemical 
cells that consisted of a 4 mL vial, a glassy carbon (2 mm diameter) working electrode, a 
platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 
electrode. The working electrode surfaces were polished prior to each set of experiments, 
and were periodically replaced on scanning > 0 V versus Fc to prevent the buildup of 
oxidized product on the electrode surfaces. Potentials were reported versus Fc, which was 
added as an internal standard for calibration at the end of each run. Solutions employed 
during CV studies were ~1 mM in analyte and 100 mM in [
n
Pr4N][BAr
F
4]. All data were 
collected in a positive-feedback IR compensation mode. The THF solution cell 
resistances were measured prior to each run to ensure resistances ≤ ~500 Ω. 
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Figure 3.7.1. Top: Full scan cyclic voltammetry of compound 3.1 in THF with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated cerium(III/IV) 
redox couple at varying scan rates. Bottom right: Current versus ν1/2 plot from the scan 
rate dependence of the isolated cerium(III/IV) couple. Cathodic features are shown in 
blue and anodic features are shown in red. Linearity shows that the redox couple is 
diffusion controlled, according to the Randles-Sevcik equation. Adapted with permission 
from Inorganic Chemistry 2014, 53, 27. Copyright 2014, American Chemical Society. 
 
187 
 
 
Figure 3.7.2. Top: Full scan cyclic voltammetry of compound 3.2-F in THF with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated cerium(III/IV) 
redox couple at varying scan rates. Bottom right: Current versus ν1/2 plot from the scan 
rate dependence of the isolated cerium(III/IV) couple. Cathodic features are shown in 
blue and anodic features are shown in red. Linearity shows that the redox couple is 
diffusion controlled, according to the Randles-Sevcik equation. Adapted with permission 
from Inorganic Chemistry 2014, 53, 27.  Copyright 2014, American Chemical Society. 
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Figure 3.7.3. Top: Full scan cyclic voltammetry of compound 3.2-Br in THF with 0.1 M 
[
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated cerium(III/IV) 
redox couple at varying scan rates. Bottom right: Current versus ν1/2 plot from the scan 
rate dependence of the isolated cerium(III/IV) couple. Cathodic features are shown in 
blue and anodic features are shown in red. Linearity shows that the redox couple is 
diffusion controlled, according to the Randles-Sevcik equation. Reprinted from work 
submitted to Inorganic Chemistry, 2014. 
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Figure 3.7.4. Top: Full scan cyclic voltammetry of compound 3.2-NCS in THF with 0.1 
M [
n
Pr4N][BAr
F
4]; [analyte] = ca. 1 mM; ν = 0.5 V/sec. Bottom left: Isolated 
cerium(III/IV) redox couple at varying scan rates. Bottom right, top: Cathodic current 
versus ν1/2 plot from the scan rate dependence of the isolated cerium(III/IV) couple. 
Linearity shows that the reduction is diffusion controlled, according to the Randles-
Sevcik equation. Bottom right, bottom: The ratio of ipa/ipc versus scan rate. This data is 
consistent with an EC mechanism, in which an as yet unidentified chemical process 
follows the electrochemical reduction.
48,49
 Reprinted from work submitted to Inorganic 
Chemistry, 2014. 
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3.8 Computational data 
 Gaussian 09 Rev. A.02 was used in electronic structure calculations.
63
 The 
B3LYP hybrid DFT method was employed with 28-electron, 46-electron, or 60-electron 
small core pseudopotentials on cerium, iodine, and uranium, respectively, with published 
segmented natural orbital basis sets incorporating quasi-relativistic effects,
64-68
 and the 6-
31G* basis set on all other atoms. Geometry optimizations were carried out starting from 
the coordinates of the crystal structures. No restraints were imposed other than spin. The 
frequency calculation indicated that the geometries were minima (no imaginary 
frequencies). Molecular orbitals were rendered with the program Chemcraft v1.6,
69
 at an 
isovalue of 0.03. NBO analysis and calculation of Mayer bond orders was performed 
from the optimized geometry using the NBO version 3.0 and the IOp(6/80=1) keyword in 
Gaussian 09. Atomic orbital contributions to individual molecular oribitals in 3.2-F were 
calculated with the AOMix program
70,71
 through fragment molecular orbital analysis, 
with the following fragments: 1 - Ce, 2 - F, 3 [N(SiMe3)2]3. 
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Table 3.8.1. Geometry optimized coordinates for 3.2-F. Reprinted with permission from 
Inorganic Chemistry 2014, 53, 27.  Copyright 2014, American Chemical Society. 
Atomic number x y z 
58 -0.000572174 0.000253933 -0.092378491 
14 1.680986037 -2.868736077 -1.195433403 
14 2.761187718 -1.518681379 1.356737175 
14 -3.325132156 -0.024713768 -1.199625874 
14 -2.697791019 -1.629966116 1.355904705 
14 1.652172574 2.883605418 -1.193352985 
14 -0.071263332 3.157692891 1.347355043 
9 0.000461745 0.000718813 -2.150993829 
7 1.569796631 -1.630835041 0.069038360 
7 -2.198592613 -0.543926546 0.067086590 
7 0.628694047 2.174602744 0.068957015 
6 -0.054581263 -3.453476705 -1.683558769 
1 -0.546506666 -3.974381442 -0.853364011 
1 0.019269891 -4.163290656 -2.517873950 
1 -0.710307451 -2.640885340 -2.012193097 
6 2.548548091 -2.193745308 -2.737274320 
1 1.978328971 -1.362251859 -3.165027579 
1 2.636679249 -2.972327948 -3.505985900 
1 3.558837186 -1.832457193 -2.511486082 
6 2.612265053 -4.430889759 -0.641622604 
1 3.651732585 -4.241321127 -0.351778396 
1 2.634735930 -5.136837112 -1.482368871 
1 2.114807519 -4.934934322 0.194634026 
6 4.534448545 -1.325778883 0.710310827 
1 4.857609519 -2.199079684 0.131841079 
1 5.236384539 -1.209220741 1.546227896 
1 4.634855171 -0.447594892 0.062882107 
6 2.729961916 -2.979814716 2.568189711 
1 1.723390158 -3.157825968 2.963644827 
1 3.386024460 -2.762056500 3.421494931 
1 3.080435463 -3.911498765 2.113701756 
6 2.367852333 0.022681586 2.405344250 
1 2.342791530 0.955455723 1.830728625 
1 3.156013685 0.135962967 3.161023464 
1 1.425481660 -0.066498572 2.963502309 
6 -3.176204786 -1.118546616 -2.738237073 
1 -2.170937805 -1.043184447 -3.166333202 
1 -3.893970165 -0.805684395 -3.507573828 
1 -3.370586285 -2.173316764 -2.510436655 
6 -2.961015430 1.768425904 -1.695316998 
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1 -3.153938447 2.458455717 -0.865131617 
1 -3.620222038 2.060134307 -2.523423390 
1 -1.932139459 1.923704533 -2.035459809 
6 -5.143972422 -0.045506310 -0.646389740 
1 -5.502433031 -1.038559094 -0.353335578 
1 -5.765695749 0.286579718 -1.488349510 
1 -5.330390576 0.640772243 0.187351119 
6 -3.412890688 -3.264136424 0.710399840 
1 -4.333033768 -3.110049211 0.134904567 
1 -3.657589757 -3.932574704 1.546048590 
1 -2.702478720 -3.786301577 0.059924485 
6 -1.166502929 -2.053671746 2.407019963 
1 -0.343792720 -2.495682638 1.833708311 
1 -1.459815030 -2.792969749 3.163630397 
1 -0.776936127 -1.190096524 2.963918327 
6 -3.949889346 -0.872808952 2.565531156 
1 -3.599631312 0.086015743 2.964827919 
1 -4.092679736 -1.552085037 3.416484744 
1 -4.930746747 -0.706929078 2.109583032 
6 2.538837672 4.472596631 -0.642243652 
1 1.855621085 5.281182595 -0.359566286 
1 3.144539497 4.839951112 -1.481220265 
1 3.219107303 4.295529806 0.198439805 
6 0.643099437 3.290794119 -2.742906914 
1 0.207632544 2.379645503 -3.166709537 
1 1.279335224 3.749096617 -3.511091465 
1 -0.173859124 3.989334711 -2.526603666 
6 3.028598720 1.669799976 -1.667890149 
1 3.722185392 1.510441570 -0.833581302 
1 3.609730803 2.083180839 -2.502649685 
1 2.654930630 0.692835489 -1.990607587 
6 1.202406261 3.862746326 2.565445943 
1 1.853906287 3.079401895 2.969748331 
1 0.680786118 4.327595889 3.412645076 
1 1.840241411 4.627782437 2.112400133 
6 -1.221403470 2.055448956 2.392379719 
1 -2.012863073 1.566508905 1.813208772 
1 -1.718580085 2.686510563 3.140459996 
1 -0.680377688 1.284986159 2.959131432 
6 -1.116846867 4.594892578 0.683581375 
1 -0.515583842 5.309807803 0.110000443 
1 -1.580268699 5.146982064 1.511492940 
1 -1.918788296 4.239077463 0.027124404 
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Table 3.8.2. Comparison of crystallographically determined and calculated bond lengths 
and bond angles in 3.2-F. Reprinted with permission from Inorganic Chemistry 2014, 53, 
27.  Copyright 2014, American Chemical Society. 
 Experimental Calculated 
Ce–F Å) 2.065(6), 2.065(7) 2.05886 
Ce–N* (Å) 2.201(10)–2.254(9) 2.26950–2.27089 
F–Ce–N* (o) 92.6(3)–95.9(3) 94.051–94.285 
N*–Ce–N* (o) 115.9(3)–122.5(3) 119.368–119.553 
Ce–N*3  (Å) 0.166(5), 0.197(5) 0.160739 
 
 
Table 3.8.3. Geometry optimized coordinates for 3.3. Reprinted with permission from 
Inorganic Chemistry 2014, 53, 27.  Copyright 2014, American Chemical Society. 
Atomic number x y z 
92 0.011102001 -0.016725001 -0.137005011 
14 -1.779086138 -2.571326197 1.395246108 
9 0.057608004 -0.118148009 -2.208154169 
7 -1.789522137 -1.391000106 0.088835007 
6 -0.161373012 -2.358491182 2.381742182 
1 0.748109058 -2.435775185 1.774441136 
1 -0.109712008 -3.161500242 3.128886238 
1 -0.119448009 -1.416620106 2.946287226 
14 -3.052462233 -1.438722109 -1.154610088 
7 -0.376123029 2.215593168 0.067181005 
6 -1.826872140 -4.361300331 0.767443057 
1 -2.760240210 -4.584364348 0.237120018 
1 -1.753530136 -5.064252388 1.607380122 
1 -1.000208079 -4.573352350 0.079783006 
14 -1.405489106 2.822424215 1.361799105 
7 2.145239164 -0.776745062 0.079036006 
6 -3.177194242 -2.359781178 2.660202204 
1 -3.189546244 -1.350344106 3.086243236 
1 -3.031091229 -3.065341232 3.489001268 
1 -4.166253318 -2.554338195 2.234391169 
14 0.234780018 3.315066252 -1.185231088 
6 -4.736194361 -2.020261156 -0.493020038 
1 -4.721524361 -3.049407234 -0.116947009 
1 -5.467583429 -1.985531152 -1.311142099 
1 -5.111044389 -1.374172105 0.309282024 
14 3.185006242 -0.142782011 1.350630105 
6 -3.332838257 0.300467023 -1.852886144 
194 
 
1 -3.702113281 0.992382076 -1.086773084 
1 -4.090689310 0.255072019 -2.646176202 
1 -2.431673183 0.733683057 -2.298484175 
14 2.779062214 -1.915214148 -1.125377088 
6 -2.569103198 -2.580114196 -2.587974198 
1 -1.669916125 -2.212539170 -3.095716239 
1 -3.373787257 -2.630112201 -3.333013256 
1 -2.367878183 -3.602109275 -2.246549169 
6 -1.978533149 1.349141101 2.420703185 
1 -2.559037193 0.609316047 1.860554144 
1 -2.624124201 1.728089130 3.223912248 
1 -1.149579089 0.828622065 2.920586224 
6 -2.964363227 3.691793282 0.717940055 
1 -2.726594211 4.589929351 0.135964010 
1 -3.602523276 4.003719304 1.554855121 
1 -3.557037269 3.031252232 0.074559006 
6 -0.531824040 3.997297304 2.570427194 
1 0.382991029 3.551078273 2.977073229 
1 -1.199255090 4.209477320 3.416271263 
1 -0.262914020 4.955748377 2.116686162 
6 0.457166035 5.105124388 -0.588350045 
1 -0.477994036 5.577397445 -0.267357021 
1 0.850425067 5.701388437 -1.422202111 
1 1.175024090 5.182560397 0.235986018 
6 -0.913076071 3.352493255 -2.691941208 
1 -0.946996073 2.372393181 -3.180858244 
1 -0.557260040 4.080179310 -3.432856260 
1 -1.938746147 3.627181275 -2.419561184 
6 1.949265149 2.750510212 -1.768887135 
1 2.692605203 2.818087216 -0.965609073 
1 2.284905175 3.409560258 -2.580734196 
1 1.965104149 1.729129133 -2.163772163 
6 2.203147168 1.146433088 2.349335177 
1 1.815841138 1.970861153 1.741266131 
1 2.871671217 1.586892120 3.100881236 
1 1.364882102 0.708482054 2.909524224 
6 4.726353362 0.726069054 0.666290053 
1 5.383838430 0.034152003 0.126914009 
1 5.314991412 1.167564088 1.480848111 
1 4.458539339 1.531611116 -0.027026002 
6 3.747990287 -1.441378108 2.615878201 
1 2.901792219 -2.013186151 3.014876228 
1 4.234600322 -0.939612071 3.462780265 
195 
 
1 4.466620341 -2.154096162 2.199816167 
6 4.242826324 -2.954032227 -0.500227038 
1 5.121917394 -2.358146179 -0.230745018 
1 4.550027349 -3.637070280 -1.303212098 
1 3.973505305 -3.568729271 0.365988028 
6 3.334521252 -1.020423078 -2.698358207 
1 2.490473189 -0.501407038 -3.165121243 
1 3.737771287 -1.731243132 -3.431112261 
1 4.114602316 -0.278751021 -2.489709190 
6 1.432353112 -3.172271243 -1.583849123 
1 1.150653086 -3.786642287 -0.719968053 
1 1.819289141 -3.851244294 -2.355223179 
1 0.522273040 -2.718705210 -1.991049154 
 
Table 3.8.4. Comparison of crystallographically determined and calculated bond lengths 
and bond angles in 3.3. Reprinted with permission from Inorganic Chemistry 2014, 53, 
27.  Copyright 2014, American Chemical Society. 
 Experimental Calculated 
U–F Å) 2.0649(12) 2.07415 
U–N* (Å) 2.2498(16)–2.2533(16) 2.27484–2.27637 
F–U–N* (o) 91.88(5)–93.26(5) 93.293–98.131 
N*–U–N* (o) 117.50(6)–121.06(6) 116.672–122.057 
U–N*3 (Å) 0.1158(9) 0.215498 
 
 
Table 3.8.5. Geometry optimized coordinates for 3.2-Cl. Reprinted from work submitted 
to Inorganic Chemistry, 2014.  
Atomic number x y z 
58 0.001399222 0.001424231 -0.231273974 
17 0.003526423 0.000619792 -2.834997985 
14 -0.064786301 3.107737072 1.404835228 
14 -1.938434928 2.800312671 -1.000205475 
14 2.722659757 -1.494232131 1.408097743 
14 3.399054217 0.272118000 -1.002068401 
14 -2.658898004 -1.607662359 1.404925135 
14 -1.462195533 -3.076664630 -1.001681641 
7 -0.746132047 2.094473381 0.123393723 
7 2.188610738 -0.402496833 0.121457982 
7 -1.443946120 -1.688289011 0.119588985 
6 1.268917343 2.131436613 2.342352048 
6 -1.309826956 3.625891553 2.743004875 
196 
 
6 0.741445865 4.682730662 0.719148690 
6 -3.034864427 4.133787124 -0.202439035 
6 -1.089492441 3.601228443 -2.490935336 
6 -3.150714773 1.465856763 -1.589481548 
6 1.208842803 -2.153886063 2.347215605 
6 3.794406429 -0.670681680 2.743202407 
6 3.682341986 -2.986535971 0.734543007 
6 5.101827312 0.543829447 -0.200904670 
6 3.659689152 -0.868679750 -2.489882855 
6 2.862974946 1.991411963 -1.598737483 
6 -2.481456522 0.032168177 2.350132838 
6 -2.480790108 -2.951003946 2.736133773 
6 -4.428912007 -1.695651909 0.727463922 
6 -2.078930625 -4.689139147 -0.202495379 
6 -2.575966341 -2.738662315 -2.493917276 
6 0.300339914 -3.467865389 -1.583619995 
1 0.873025925 1.238011730 2.845125025 
1 1.667863939 2.777088145 3.135706338 
1 2.109479678 1.818886807 1.717513465 
1 -2.062731975 4.332540326 2.383928483 
1 -0.762080327 4.115394659 3.559534383 
1 -1.834929228 2.764555026 3.170224597 
1 1.495907320 4.457205865 -0.042544127 
1 1.234630763 5.238471852 1.527004506 
1 0.004166386 5.354188100 0.263939130 
1 -3.605148879 3.753662104 0.652486936 
1 -3.759355210 4.467130198 -0.957361904 
1 -2.481144504 5.020037221 0.125611485 
1 -0.401171182 4.396509203 -2.181462135 
1 -1.836961867 4.050441623 -3.157696140 
1 -0.521002720 2.866948797 -3.070471505 
1 -2.674774179 0.595102431 -2.050524009 
1 -3.811623549 1.904622989 -2.348674674 
1 -3.785407405 1.117961161 -0.766422909 
1 0.625114989 -1.359851992 2.833181087 
1 1.568631393 -2.806611616 3.153384060 
1 0.524795911 -2.739402046 1.727648982 
1 4.785343079 -0.380030303 2.384017787 
1 3.939461141 -1.384905127 3.564944987 
1 3.314839611 0.220224893 3.162427831 
1 3.109769980 -3.532682648 -0.022927212 
1 3.914205591 -3.684736434 1.549130825 
1 4.633499535 -2.690079980 0.277964059 
197 
 
1 5.058889743 1.221498071 0.658716268 
1 5.757360097 1.006400632 -0.950828634 
1 5.586060711 -0.383805870 0.122401395 
1 3.998724294 -1.863657489 -2.178385980 
1 4.422852668 -0.452022091 -3.159964300 
1 2.737097638 -0.989294920 -3.066227323 
1 1.872562594 2.021191412 -2.063171636 
1 3.578317926 2.333155863 -2.358492394 
1 2.885602846 2.721302517 -0.780833131 
1 -1.507571519 0.139403486 2.847903480 
1 -3.235251813 0.045340364 3.148275965 
1 -2.641298633 0.919070977 1.731603037 
1 -2.724222920 -3.953492895 2.375049339 
1 -3.170387705 -2.722000555 3.559644197 
1 -1.468747790 -2.981833850 3.153969986 
1 -4.615979995 -0.924805215 -0.027920802 
1 -5.151804975 -1.552411385 1.540895303 
1 -4.643950786 -2.667170849 0.267636881 
1 -1.473474804 -4.989443838 0.659788868 
1 -1.999533564 -5.487476524 -0.952371482 
1 -3.127015650 -4.650901688 0.114844147 
1 -3.607238643 -2.533511244 -2.184431005 
1 -2.596519294 -3.611746169 -3.159013035 
1 -2.219380590 -1.882531876 -3.074904116 
1 0.817290893 -2.627889996 -2.056507464 
1 0.251629184 -4.271146711 -2.330477866 
1 0.918175551 -3.831785912 -0.754455550 
 
Table 3.8.6. Comparison of crystallographically determined and calculated bond lengths 
and bond angles in 3.2-Cl. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 Experimental
2
 Calculated 
Ce–Cl Å) 2.597(2) 2.603725 
Ce–N* (Å) 2.217(3) 2.250655–2.251992 
Cl–Ce–N* (o) 99.48(7) 98.962162–99.099117 
N*–Ce–N* (o) 117.34(4) 117.403029–117.691085 
Ce–N*3 (Å) 0.365(3) 0.352755 
 
 
 
 
 
198 
 
Table 3.8.7. Geometry optimized coordinates for 3.2-Br. Reprinted from work submitted 
to Inorganic Chemistry, 2014. 
Atomic number x y z 
58 0.001856761 0.001654705 -0.099094401 
35 0.007019122 -0.001407902 -2.849751113 
14 1.027356549 -3.266586800 -0.820622937 
14 2.413446101 -1.933618854 1.558956498 
7 1.195258685 -1.865567279 0.273412355 
6 -0.761272851 -3.419359155 -1.434736203 
1 -1.443999758 -3.665485876 -0.613115413 
1 -0.807011508 -4.246526792 -2.156112344 
1 -1.141073660 -2.530454213 -1.947415754 
6 2.199788655 -3.133681362 -2.300338042 
1 1.983900472 -2.245484661 -2.902430100 
1 2.092462248 -4.012163952 -2.949976596 
1 3.247248356 -3.083098590 -1.981438739 
6 1.389102185 -4.927842564 0.029070140 
1 0.739539043 -5.107039581 0.892929965 
1 2.428758734 -5.037717747 0.356488416 
1 1.192757455 -5.725939827 -0.699594654 
6 2.066782906 -3.212892957 2.919345833 
1 2.171994816 -4.246912065 2.580977152 
1 1.065047008 -3.099703664 3.347587665 
1 2.790829164 -3.057516045 3.730955616 
6 4.153346785 -2.268245950 0.880557049 
1 4.435085981 -1.543607993 0.108686827 
1 4.237105209 -3.268438254 0.439955090 
1 4.894105916 -2.203323146 1.688077642 
6 2.457054583 -0.272809611 2.479908467 
1 2.737951783 0.579241179 1.856037633 
1 3.198454864 -0.352216486 3.286278629 
1 1.502293299 -0.029319521 2.966950126 
14 -3.350231212 0.728752030 -0.836034102 
14 -2.887600077 -1.109459352 1.561491744 
7 -2.218255417 -0.104489913 0.265984068 
6 -2.600865660 2.361706532 -1.446759957 
1 -2.507165763 3.090336607 -0.632807268 
1 -3.281994087 2.794504924 -2.191985253 
1 -1.625421785 2.255278779 -1.931429409 
6 -3.803362293 -0.364990874 -2.312119993 
1 -2.921925979 -0.616430603 -2.909417753 
1 -4.515542445 0.154551736 -2.966660936 
1 -4.272880179 -1.300510801 -1.987125389 
199 
 
6 -4.986675321 1.230333638 -0.006447144 
1 -4.840726748 1.889947940 0.855716892 
1 -5.596688760 0.378486379 0.314708714 
1 -5.576408201 1.787633567 -0.746556913 
6 -3.816475179 -0.147756406 2.910144478 
1 -4.758486788 0.287867040 2.567442497 
1 -3.206448182 0.659260257 3.330274668 
1 -4.054234575 -0.841429609 3.728055624 
6 -4.052606598 -2.452419249 0.895956488 
1 -3.565463322 -3.071746732 0.134565947 
1 -4.956887298 -2.026919132 0.444388627 
1 -4.374659152 -3.113390870 1.711066535 
6 -1.474227505 -1.975531195 2.489348010 
1 -0.891762605 -2.661115162 1.868421349 
1 -1.916652997 -2.561174979 3.306192844 
1 -0.773984117 -1.273183236 2.963515162 
14 2.323679579 2.511270062 -0.825705800 
14 0.463641931 3.072824132 1.543387014 
7 1.017526981 1.974996234 0.268086167 
6 3.349549479 1.028654271 -1.422978996 
1 3.923265158 0.585610203 -0.600876744 
1 4.072620584 1.393475152 -2.165461911 
1 2.775210513 0.235520767 -1.910760963 
6 1.637804496 3.452027780 -2.316342526 
1 0.975319401 2.815688667 -2.911439925 
1 2.457722404 3.784788807 -2.966329248 
1 1.074371228 4.341279593 -2.010778929 
6 3.588183372 3.650376077 0.019020214 
1 4.059025375 3.179972095 0.889365601 
1 3.169239951 4.611424573 0.335584312 
1 4.383127628 3.868671635 -0.706564390 
6 1.744038818 3.413882494 2.903266301 
1 2.595088928 4.008069549 2.561491248 
1 2.133165980 2.487084063 3.338317988 
1 1.254863072 3.976530198 3.709950084 
6 -0.114210535 4.743013370 0.854539277 
1 -0.878189140 4.617201728 0.079535758 
1 0.709748386 5.318102392 0.415859495 
1 -0.547187707 5.352324814 1.658609052 
6 -0.996394970 2.284524903 2.466712427 
1 -1.873177408 2.100443156 1.841606143 
1 -1.297909350 2.970901334 3.269321276 
1 -0.730956990 1.336907158 2.956261227 
200 
 
Table 3.8.8. Comparison of crystallographically determined and calculated bond lengths 
and bond angles in 3.2-Br. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 Experimental
2
 Calculated 
Ce–Br Å) 2.7662(17) 2.750663 
Ce–N* (Å) 2.219(7) 2.247106–2.252431 
Br–Ce–N* (o) 99.7(2) 99.401559–99.432116 
N*–Ce–N* (o) 117.24(12) 117.221851 – 117.521154 
Ce–N*3 (Å) 0.373(9) 0.36826 
 
 
Table 3.8.9. Geometry optimized coordinates for 3.2-I. Reprinted from work submitted 
to Inorganic Chemistry, 2014. 
Atomic number x y z 
58 0.000564159 0.000291420 0.006370411 
53 -0.005787747 -0.012736635 3.071216205 
7 0.450830571 2.153077533 -0.445348616 
7 1.640450440 -1.462957263 -0.452056705 
7 -2.088370739 -0.683252767 -0.453359767 
14 -0.263316332 3.426122612 0.589171291 
14 1.577591078 2.660849605 -1.723129480 
14 3.103870104 -1.478851049 0.577262527 
14 1.514060328 -2.693588547 -1.728593484 
14 -2.834990264 -1.946412412 0.570626126 
14 -3.091462649 0.047227980 -1.726174789 
6 -1.980808505 2.889572596 1.193147284 
6 0.855271283 3.834255074 2.059331117 
6 -0.581617153 5.065311234 -0.319696344 
6 2.268391098 1.141851894 -2.625685168 
6 0.793443568 3.699966176 -3.107588992 
6 3.041360702 3.648337257 -1.029136876 
6 3.492226402 0.275436549 1.189168347 
6 2.910980271 -2.659389711 2.043110865 
6 4.681260714 -2.011269413 -0.340277750 
6 -0.148072277 -2.534900160 -2.629274757 
6 2.803686483 -2.534097593 -3.115308333 
6 1.641373828 -4.453584504 -1.032453918 
6 -1.512813279 -3.168537537 1.172567072 
6 -3.757214836 -1.195078897 2.042047240 
6 -4.089332166 -3.037102117 -0.351445846 
6 -2.123930789 1.413084170 -2.618313364 
6 -3.595810261 -1.143110982 -3.118874713 
201 
 
6 -4.679550741 0.813529353 -1.026442295 
1 -2.712385145 2.942002747 0.378589589 
1 -2.305499107 3.593887882 1.970515896 
1 -2.033629713 1.892466104 1.640347828 
1 1.021200831 2.962634749 2.699537537 
1 0.394219887 4.618248705 2.674190470 
1 1.832395030 4.204553500 1.728359931 
1 0.333681136 5.576905522 -0.635792754 
1 -1.099664413 5.734447145 0.380375780 
1 -1.226563340 4.947275079 -1.197114621 
1 2.839246490 0.463660320 -1.987803270 
1 2.937708881 1.498546772 -3.419675699 
1 1.485447799 0.553346441 -3.122679974 
1 -0.099439101 3.224977350 -3.527376345 
1 1.527396140 3.795150722 -3.919124288 
1 0.519676855 4.710812384 -2.795046182 
1 2.729059118 4.619968404 -0.629201243 
1 3.770651810 3.843683330 -1.826035103 
1 3.556874918 3.110676445 -0.226194380 
1 3.892976116 0.890781627 0.375549224 
1 4.271893083 0.203687768 1.959123700 
1 2.656129836 0.812320400 1.647332708 
1 2.074109423 -2.375229159 2.688026735 
1 3.823021847 -2.648719873 2.654168478 
1 2.748491147 -3.690537418 1.708898210 
1 4.671119201 -3.059618810 -0.657026033 
1 5.522566903 -1.892898463 0.355709314 
1 4.893444767 -1.391770355 -1.218330575 
1 -1.020492628 -2.689152930 -1.990888802 
1 -0.173850841 -3.294886236 -3.421382877 
1 -0.266748955 -1.563617074 -3.128095304 
1 2.842392592 -1.521873037 -3.531240233 
1 2.514766807 -3.212997904 -3.928878766 
1 3.815301125 -2.808120528 -2.805473546 
1 2.639296718 -4.664903475 -0.631235892 
1 1.449041981 -5.184635333 -1.828446558 
1 0.917820414 -4.632478678 -0.229941164 
1 -1.192530898 -3.825847448 0.356132360 
1 -1.962202982 -3.804194441 1.947054606 
1 -0.622125487 -2.719795003 1.622365543 
1 -3.091410493 -0.616686074 2.689514216 
1 -4.204272417 -1.992960420 2.649369877 
1 -4.568654891 -0.536098607 1.712250157 
202 
 
1 -4.989977667 -2.499076506 -0.665554439 
1 -4.410298440 -3.826709091 0.341154481 
1 -3.661015534 -3.528221171 -1.231878327 
1 -1.823473372 2.242067133 -1.974062897 
1 -2.768202582 1.819559857 -3.409120761 
1 -1.222168586 1.034006365 -3.117619806 
1 -2.737223736 -1.677610039 -3.538772669 
1 -4.041982576 -0.550227835 -3.928649061 
1 -4.336011363 -1.886608054 -2.812689095 
1 -5.362618264 0.053629685 -0.629635348 
1 -5.215328407 1.350739803 -1.819789473 
1 -4.472100078 1.524989569 -0.219910286 
 
Table 3.8.10. Comparison of crystallographically determined and calculated bond lengths 
and bond angles in 3.2-I. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 Experimental Calculated 
Ce–I Å) 2.9974(5) 3.06488 
Ce–N* (Å) 2.216(3) 2.45101–2.45492 
I–Ce–N* (o) 99.2921(7) 101.625303–101.869025 
N*–Ce–N* (o) 117.445(4) 115.927605–116.059227 
Ce–N*3 (Å) 0.35781(2) 0.456629 
 
 
Table 3.8.11. Geometry optimized coordinates for monomeric Ce(N3)[N(SiMe3)2]3. 
Reprinted from work submitted to Inorganic Chemistry, 2014. 
Atomic number x y z 
58 0.000755 0.003780 0.087199 
14 -3.265440 -0.885873 0.948128 
14 -2.096403 -2.328323 -1.488815 
7 -1.944519 -1.115629 -0.216116 
7 -0.003252 0.009628 4.680785 
7 -0.003120 0.009651 3.530581 
7 -0.003119 0.010524 2.319830 
6 -4.988456 -1.227781 0.223274 
6 -3.326408 0.921115 1.525420 
6 -3.068759 -2.021446 2.453630 
6 -3.415543 -1.928839 -2.795627 
6 -0.462242 -2.428518 -2.454802 
6 -2.457678 -4.060040 -0.801289 
14 2.408320 -2.371566 0.960472 
14 3.050625 -0.664752 -1.503097 
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7 1.937820 -1.124345 -0.212626 
6 3.557521 -3.701266 0.235584 
6 0.877383 -3.318696 1.560578 
6 3.309167 -1.616431 2.447076 
6 3.347368 -2.025365 -2.794048 
6 2.310136 0.790948 -2.476591 
6 4.741669 -0.109039 -0.845290 
14 0.862658 3.272218 0.947555 
14 -0.958783 2.973233 -1.505714 
7 0.008612 2.243444 -0.222128 
6 1.444724 4.930543 0.222963 
6 2.445847 2.411383 1.542659 
6 -0.233178 3.679793 2.438299 
6 0.055725 3.907331 -2.810327 
6 -1.856366 1.599920 -2.467705 
6 -2.281039 4.155641 -0.831454 
1 -5.735055 -1.017478 1.000332 
1 -5.135040 -2.266911 -0.090905 
1 -5.214962 -0.580586 -0.631208 
1 -4.054267 1.011528 2.342372 
1 -2.373813 1.306976 1.903036 
1 -3.662297 1.581419 0.716649 
1 -3.915699 -1.895262 3.140411 
1 -2.153696 -1.808941 3.015931 
1 -3.038439 -3.076810 2.158012 
1 -3.273272 -0.930999 -3.226028 
1 -4.436830 -1.982282 -2.407617 
1 -3.336666 -2.656224 -3.614552 
1 0.390663 -2.739900 -1.845026 
1 -0.583621 -3.169290 -3.255940 
1 -0.196148 -1.486303 -2.954155 
1 -1.701149 -4.371937 -0.072273 
1 -2.464762 -4.797822 -1.614159 
1 -3.434021 -4.113110 -0.305253 
1 3.752884 -4.448497 1.015874 
1 4.528950 -3.310010 -0.086919 
1 3.106477 -4.225920 -0.614078 
1 1.170627 -3.994948 2.374490 
1 0.074961 -2.683024 1.947665 
1 0.460499 -3.938667 0.757813 
1 3.636240 -2.404565 3.137385 
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1 2.670404 -0.927580 3.010100 
1 4.200232 -1.060127 2.133340 
1 2.407864 -2.404933 -3.210375 
1 3.906490 -2.877958 -2.397410 
1 3.931156 -1.606716 -3.624850 
1 2.147194 1.687784 -1.871728 
1 3.010962 1.057340 -3.278434 
1 1.361446 0.542608 -2.972363 
1 4.650461 0.722713 -0.137711 
1 5.379386 0.224546 -1.674101 
1 5.271015 -0.920777 -0.332777 
1 1.995156 5.472137 1.003466 
1 0.622708 5.578878 -0.100037 
1 2.125220 4.798686 -0.625607 
1 2.885506 2.996585 2.361126 
1 2.292013 1.396443 1.923156 
1 3.191418 2.362502 0.740224 
1 0.296714 4.341592 3.135674 
1 -0.526196 2.782146 2.992575 
1 -1.151376 4.192329 2.128645 
1 0.852321 3.282848 -3.229876 
1 0.515559 4.820973 -2.423730 
1 -0.606395 4.196467 -3.637437 
1 -2.537923 1.006276 -1.851554 
1 -2.452721 2.071990 -3.259394 
1 -1.170202 0.908302 -2.976510 
1 -2.939834 3.658201 -0.110895 
1 -2.905326 4.536487 -1.650197 
1 -1.838437 5.023030 -0.328499 
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Table 3.8.12. Comparison of crystallographically determined bond lengths and bond 
angles in 3.2-N3 and calculated bond lengths and bond angles in monomeric 
Ce(N3)[N(SiMe3)2]3. Reprinted from work submitted to Inorganic Chemistry, 2014. 
 Experimental Calculated 
Ce–N3 Å) 
2.250(4), 
2.379(4) 
2.232645 
Ce–N* (Å) 
2.2362(18), 
2.2000(18) 
2.260938–2.264767 
N3–Ce–N* (
o
) 
87.39(5), 
102.92(5) 
97.690772–97.791285 
N*–Ce–N* (o) 
119.795(8), 
115.15(4) 
118.123322–118.312628 
Ce–N*3 (Å) 
0.1017(19), 
0.4920(19) 
0.304161 
 
 
Table 3.8.13. Geometry optimized coordinates for 3.2-NCS. Reprinted from work 
submitted to Inorganic Chemistry, 2014. 
Atomic number x y z 
58 0.002678134 -0.001596100 -0.053398262 
6 -0.036446398 -0.036796266 3.446586013 
7 -0.023927860 -0.023702179 2.248024346 
16 -0.054043195 -0.055317742 5.046710850 
7 -0.197369163 2.223176283 -0.331272838 
7 -1.824099785 -1.282009315 -0.362279288 
7 2.033281843 -0.932414858 -0.335590279 
14 0.566582169 3.319536530 0.844542018 
14 -1.222534269 2.887950710 -1.609257463 
14 -3.175012518 -1.176874268 0.793039403 
14 -1.862259265 -2.484260728 -1.656358683 
14 2.597270419 -2.176719516 0.807294713 
14 3.121120324 -0.340653622 -1.596721995 
6 2.181968833 2.563755264 1.490676895 
1 2.072925294 1.562692410 1.918493354 
1 2.574494461 3.207670459 2.288338366 
1 2.944178322 2.518847599 0.704028938 
6 -0.587490994 3.676880940 2.301898956 
1 -1.529972111 4.127472034 1.969334598 
1 -0.113265220 4.377353336 3.001537707 
1 -0.830193335 2.766823911 2.860522299 
6 1.068544250 4.990325718 0.091099606 
1 1.762592625 4.875092207 -0.749161677 
1 1.584991876 5.574789924 0.863936465 
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1 0.217942627 5.589742991 -0.251809534 
6 -2.021744419 1.457634809 -2.573171983 
1 -1.288731491 0.832560964 -3.102088115 
1 -2.667868194 1.888631792 -3.349269925 
1 -2.643120527 0.800708033 -1.958415279 
6 -2.615802630 3.977276063 -0.924745905 
1 -3.213233732 3.452579866 -0.170890847 
1 -3.290555545 4.282711149 -1.734685224 
1 -2.229308680 4.892242360 -0.461020632 
6 -0.286269911 3.895437902 -2.918026430 
1 0.111562000 4.838935203 -2.532943468 
1 -0.977659577 4.139256192 -3.735731488 
1 0.548007418 3.331817829 -3.350461600 
6 -3.381410299 0.612851856 1.385163201 
1 -2.477955920 1.051572203 1.820276337 
1 -4.154727631 0.641178810 2.164057749 
1 -3.717467602 1.262902741 0.568724379 
6 -2.908011851 -2.312012613 2.283970198 
1 -2.790660965 -3.357983654 1.977565537 
1 -3.772872355 -2.259295546 2.957672030 
1 -2.022378341 -2.030762985 2.862287555 
6 -4.852559109 -1.650720527 0.035001703 
1 -5.126331933 -1.014573987 -0.814085031 
1 -5.623414010 -1.519227559 0.805655063 
1 -4.901830888 -2.694617564 -0.294052038 
6 -0.216774078 -2.420979453 -2.606942954 
1 -0.038141120 -1.454074017 -3.098549602 
1 -0.259592045 -3.165730749 -3.412423922 
1 0.658161700 -2.653853352 -1.993359033 
6 -2.083927772 -4.250471882 -1.002009625 
1 -1.313392367 -4.511797722 -0.268300384 
1 -2.020094910 -4.971491500 -1.827112222 
1 -3.058368025 -4.391252949 -0.520305308 
6 -3.197676169 -2.172575810 -2.969115890 
1 -4.213433417 -2.311415378 -2.588616487 
1 -3.055917929 -2.882310268 -3.795127978 
1 -3.131588556 -1.162387126 -3.388177820 
6 1.136034559 -3.238766026 1.384043542 
1 0.294040958 -2.671244112 1.791851210 
1 1.479359874 -3.910189744 2.181441439 
1 0.760552561 -3.867127152 0.568078741 
6 3.450149857 -1.401811583 2.308602785 
1 4.309080512 -0.788977894 2.011702883 
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1 3.819191567 -2.186252142 2.981795680 
1 2.768733637 -0.766962818 2.884657841 
6 3.825550008 -3.401646926 0.030829549 
1 3.403189695 -3.921392231 -0.836436049 
1 4.071406710 -4.164113759 0.781832143 
1 4.768796754 -2.938441453 -0.278721729 
6 4.749439058 0.330265168 -0.892171109 
1 4.579477211 1.112792655 -0.144575549 
1 5.362123589 0.760144676 -1.695185413 
1 5.343817919 -0.457644243 -0.414968593 
6 3.545103502 -1.627754266 -2.926555084 
1 4.188263377 -2.432374396 -2.559003347 
1 4.079792783 -1.127915609 -3.745558596 
1 2.645712167 -2.085540662 -3.352749773 
6 2.269089808 1.072349892 -2.540940739 
1 1.360455603 0.749722430 -3.069475937 
1 2.960546092 1.426498316 -3.316587425 
1 2.007909820 1.931357484 -1.917076577 
 
Table 3.8.14. Comparison of crystallographically determined and calculated bond lengths 
and bond angles in 3.2-NCS. Reprinted from work submitted to Inorganic Chemistry, 
2014. 
 Experimental Calculated 
Ce–NCS Å) 2.3066(15) 2.301683 
Ce–N* (Å) 2.2020(14)–2.2225(14)  2.250965–2.252106 
SCN–Ce–N* (o) 91.71(6)–92.73(5) 97.024852–97.579293 
N*–Ce–N* (o) 118.65(5)–120.45(5) 118.223093–118.640743 
Ce–N*3 (Å) 0.0855(8) 0.289673 
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Chapter 4: 
Single crystal to single crystal transformation and 
hydrogen atom transfer upon oxidation of a cerium 
coordination compound 
 
4.1 Introduction 
  Binary cerium oxides show reversible redox behavior in the solid state that is 
important in heterogeneous catalytic processes, including applications in fuel cells and 
three way catalytic converters.
1
 This reactivity is predicated on the oxidation of 
cerium(III) sesquioxide, Ce2O3, to cerium(IV) oxide, CeO2, in the presence of molecular 
oxygen.
2
 Recent work has shown that the cerium(III/IV) couple has a highly tunable 
redox potential in response to the electronic nature of its environment.
3-10
 In its aqueous 
chemistry, cerium is typically most stable in its trivalent state; cerium(IV) ions show a 
formal oxidation potential of +1.3 V versus Fc/Fc
+
 in HClO4.
11,12
 In non-aqueous 
systems, cerium ions can demonstrate dramatically different redox behavior, with 
reported metal based waves shifted to reducing potentials.
3-5,8,9
 As part of an ongoing 
study of cerium redox chemistry, we sought to characterize a series of related cerium 
compounds in an electron donating double-decker framework in order to harness the 
reducing capability of cerium(III) ions on a molecular scale.  
  Rare earth ions typically form 1:2 sandwich complexes with anions of the 
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6,8,15,17-tetramethyldibenzotetraaza[14]annulene (tetramethyltetraazaannulene, 
H2tmtaa) ligand, although 2:3 ‘triple-decker’ compounds have also been reported.
13,14
 
Double-decker sandwich structures of this type include a central trivalent rare earth 
cation stabilized by two equivalents of the tetradentate, dianionic ligand as well as one 
equivalent of an alkali metal cation.
15,16
  Rare earth double-decker compounds have also 
been reported with their charges stabilized by one fully deprotonated dianionic tmtaa
2–
 
ligand and one singly protonated monoanionic Htmtaa
–
 ligand.
14,17,18
 Recently, the 
cerium(III) compound Ce(Htmtaa)(tmtaa) was reported and was shown to undergo facile 
conversion to the cerium(IV) compound Ce(tmtaa)2 in the presence of mild oxidants 
including O2, benzoquinone, and FcPF6 (Fc = ferrocene).
14
 The tetravalent oxidation state 
of the metal ion in Ce(tmtaa)2 was confirmed using X-ray absorption spectroscopy.
19
 Of 
the reported compounds only the cerium(IV) compound Ce(tmtaa)2 was structurally 
characterized.  
  In order to better understand the electrochemical and chemical implications of 
oxidation from cerium(III) to cerium(IV) observed for Ce(Htmtaa)(tmtaa), we 
synthesized and characterized new cerium complexes of the 2,3,6,8,11,12,15,17-
octamethyldibenzotetraaza[14]annulene (octamethyltetraazaannulene, H2omtaa) ligand. 
Upon exposure to ambient atmosphere, Ce(Homtaa)(omtaa) underwent a single crystal to 
single crystal (SCSC) transformation with only minor perturbations to the primary 
coordination environment of the metal ion. Furthermore, the solution phase redox 
behavior of Ce(Homtaa)(omtaa) showed that it was a potent reductant that underwent 
concomitant loss of a proton and an electron.  
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4.2 Results and discussion 
4.2.1 Synthesis and structural analysis 
  H2omtaa was synthesized with modificiations to previous reports by Place and co-
workers.
20
 As previously described, acidification of Ni(omtaa) with gaseous HCl in 
MeOH led to the formation of the HCl adduct, H2omtaa∙2HCl. Precipitation of this salt 
was induced by bubbling N2 gas through the solution for several minutes, then cooling 
the mixture to –30 oC. Reaction of H2omtaa∙2HCl with NH4PF6 allowed for the isolation 
of H4omtaa(PF6)2, which was neutralized by addition of NEt3, yielding H2omtaa in 64% 
yield. The 
1
H NMR of H2omtaa is shown in Figure 4.2.1 and is consistent with reported 
spectral shifts.  
 
 
Figure 4.2.1. 
1
H NMR of H2omtaa in benzene-d6. Adapted with permission from 
Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
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  In order to gain a spectroscopic handle in later metallation reactions, the 
deuterated form of H2omtaa, D2omtaa, was synthesized by deprotonation of H2omtaa 
with 2 equiv KH followed by deuterolysis with D2O. Rigorous drying of the reaction 
mixture followed by extraction of the organic product with toluene resulted in 
spectroscopically pure D2omtaa, as evidenced by 
1
H and 
2
H NMR analyses. The spectra 
of this compound are shown in Figures 4.2.2 and 4.2.3. Analysis of the deterated 
analogue showed that the resonance corresponding to the N–H protons in H2omtaa (13.13 
ppm) is absent in the 
1
H NMR, and a single resonance is observed at 12.92 ppm in the 
2
H 
NMR, corresponding to N–D deuterons in D2omtaa.  
 
Figure 4.2.2. 
1
H NMR of D2omtaa in benzene-d6. Adapted with permission from 
Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
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Figure 4.2.3. 
2
H NMR of D2omtaa in benzene. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
  Ce[N(SiMe3)2]3 was synthesized according to published procedure
21
 and reacted 
with 2 equiv H2omtaa to produce red-brown Ce(Homtaa)(omtaa) (4.1) in good yields 
(Scheme 1).
14
 The solubility of complex 4.1 enabled the growth of well-defined single 
crystals for structural determination.  Whereas the crystallographic structure of  the 
reported compound Ce(Htmtaa)(tmtaa) could not be refined due to disorder,
14
 compound 
4.1 provided a good X-ray solution and refinement. The structure of 4.1 showed the 
expected 1:2 sandwich structure with eclipsed saddle-shaped omtaa
2–
 ligands in an 
approximate D2d geometry about the cerium ion (Figure 4.2.4).
14-16,18,22
 The hydrogen 
cations required for charge balance of the trivalent compound 4.1 could not be 
specifically located in the structure in 4.1. However, the Ce–N bond distances in 4.1, 
219 
 
ranging from 2.5260(16)–2.5690(16) Å, were consistent with the assigned cerium(III) 
oxidation state.
15
 Unlike other structurally characterized complexes that have included a 
trivalent rare earth ion in a double-decker tetraazaannulene framework, the bonds 
between the cerium ion and the nitrogen atoms in each of the omtaa
2–
 ligands were 
equivalent by crystallographically imposed symmetry.  
 
Scheme 4.2.1. Syntheses of Ce(Homtaa)(omtaa) (4.1) and Ce(omtaa)2 (4.2). [ox] = 
TEMPO or O2. Adapted with permission from Inorganic Chemistry 2013, 52, 4142.  
Copyright 2013, American Chemical Society. 
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Figure 4.2.4. Thermal ellipsoid plot of compound 4.1. Hydrogen atoms have been 
removed for clarity. Selected bond distances (Å): Ce(1)–N(1): 2.5517(17), Ce(1)–N(2): 
2.5690(16); Ce(1)–N(3): 2.5570(17); Ce(1)–N(4): 2.5260(16). Reprinted with permission 
from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
  While the crystallographic data showed a very symmetric environment about the 
cerium(III) center, eleven resonances were observed by 
1
H NMR analysis of 4.1 in 
benzene-d6, corresponding to a desymmetrized compound (Figure 4.2.5). We attributed 
this solution behavior to the coordination of two distinctly different ligands to the 
cerium(III) ion – one that was best described as Homtaa– and the other as omtaa2–. This 
data suggested that the equivalent bond lengths between the cerium(III) ion and the 
nitrogen atoms in each of the omtaa
2–
 ligands in the solid state structure resulted from 
disorder of the hydrogen atoms in the lattice of 4.1. 
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Figure 4.2.5. 
1
H NMR of 4.1 in benzene-d6. The sharp peaks between 1.5 ppm and 2.5 
ppm correspond to small amounts of impurities of H2omtaa and Ce(omtaa)2. Adapted 
with permission from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American 
Chemical Society. 
 
 
  Similarly, reaction of Ce[N(SiMe3)2]3 with 2 equiv D2omtaa led to isolation of 
Ce(Domtaa)(omtaa) (4.1-D). The 
1
H NMR spectra of compound 4.1-D in benzene-d6 is 
shown in Figure 4.2.6. Features at 3.95 and 4.37 ppm were consistent with the prominent 
peaks observed in the 
1
H NMR of compound 4.1. No features were observed by 
2
H NMR 
analysis of 4.1-D in benzene. 
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Figure 4.2.6. 
1
H NMR of 4.1-D in benzene-d6. No signal was observed for this 
compound by 
2
H NMR in benzene. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
 
Exposure of crystalline, red-brown samples of 4.1 to ambient atmosphere yielded 
the cerium(IV) complex Ce(omtaa)2 (4.2) quantitatively over a period of 30 min, 
concomitant with a color change of the crystals to dark green. The 
1
H NMR spectrum of 
4.2, recorded in benzene-d6 and shown in Figure 4.2.7, revealed changes that support 
oxidation from a paramagnetic cerium(III) center to a closed-shell formally cerium(IV) 
complex. The 
1
H NMR spectrum of 4.2 showed four sharp resonances from +7.23 to 
+1.85 ppm, suggesting a symmetric 2:1 double-decker structure. The 
13
C NMR of 4.2 
was well behaved as expected for a closed-shell complex, and is shown in Figure 4.2.8. 
While the transformation of 4.1 to form 4.2 necessarily proceeded through the loss of a 
proton and an electron, attempts to spectroscopically observe the by-products of the 
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reaction of 4.1 with O2 were unsuccessful. Exposure of single crystals of 4.1 to ambient 
atmosphere or O2 followed by dissolution in benzene-d6 showed only resonances 
corresponding to 4.2 by 
1
H NMR. Similarly, exposure of crystals of 4.1-D to ambient 
atmosphere or O2 followed by dissolution in benzene showed no resonances by 
2
H NMR.  
 
Figure 4.2.7. 
1
H NMR of 4.2 in benzene-d6. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
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Figure 4.2.8. 
13
C NMR of 4.2 in benzene-d6. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
 
  To study the nature of the oxidation reaction in the solid state, single crystal X-ray 
diffraction data were collected on a dark red-brown sample of 4.1 that had been covered 
in Paratone oil. Following the data collection, the crystal warmed to room temperature 
under ambient atmosphere and was left on the goniometer head for 24 h to induce 
complete conversion to 4.2. A data set was then collected on the same crystal, which had 
turned dark green. The X-ray data confirmed the SCSC transformation of 4.1  4.2 upon 
exposure to atmosphere.  
  The crystal structure of 4.2 (Figure 4.2.9) showed Ce–N bond distances that were 
contracted in comparison to the structure of 4.1; the Ce–N bond distances in 4.2 ranged 
from 2.4367(15)–2.4600(16) Å and were consistent with the assigned cerium(IV) 
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oxidation state.
14
 A comparison of the unit cell dimensions of 4.1 and 4.2 showed 
conservation of molecular packing (Table 4.2.1), observed visually in the crystal packing 
diagrams shown in Figure 4.2.10. The system retained the monoclinic space group C2/c 
during oxidation, and exhibited only small changes to the unit cell parameters, as shown 
in Table 4.2.1. SCSC transformations have been observed in rare earth complexes 
concomitant with changes in solvation, temperature, or exposure to UV light.
23-27
 
However, the redox driven SCSC transformation described here is unprecedented in 
reported lanthanide coordination chemistry.  
 
Figure 4.2.9. Thermal ellipsoid plot of compound 4.2. Hydrogen atoms have been 
removed for clarity. Selected bond distances (Å): Ce(1)–N(1): 2.4393(15), Ce(1)–N(2): 
2.4479(15); Ce(1)–N(3): 2.4600(16); Ce(1)–N(4): 2.4367(15). Reprinted with permission 
from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
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Table 4.2.1. Crystal data showing similarity of structural data in compounds 4.1 and 4.2, 
which facilitates SCSC transformation. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
Compound 4.1 4.2 
Space group C2/c C2/c 
a (Å) 18.524(4) 18.620(3) 
b (Å) 18.559(3) 18.510(3) 
c (Å) 16.309(3) 16.014(2) 
β (o) 94.435(9) 98.146(7) 
V (Å
3
) 5590.0(18) 5463.6(14) 
Z 4 4 
T (K) 143(1) 143(1) 
Ce–N (Å) 2.5260(16)–2.5690(16) 2.4367(15)–2.4600(16) 
 
 
Figure 4.2.10. Unit cell depictions of 4.1 (top) and 4.2 (bottom) showing the 
conservation of molecular packing during the SCSC transformation. Adapted with 
permission from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American 
Chemical Society. 
227 
 
4.2.2 Electrochemical analysis  
  The facile oxidation of compound 4.1 in the solid state prompted exploration of 
the solution chemistry of 4.1 and 4.2. Electrochemical analysis of 4.2 showed a reversible 
metal-based wave centered at –1.7 V versus Fc/Fc+ in THF with 0.1 M [nPr4N][BAr
F
4] 
(Figure 4.2.11). Assignment of this wave as the metal-based feature was made by 
comparison of the cyclic voltammograms of 4.2 and the H2omtaa ligand (Figure 4.2.12). 
Analysis of the scan rate dependent behavior of the metal-based feature by the Randles-
Sevcik equation (Equation 4.2.1) provided evidence that this redox event was chemically 
reversible.
28
 
              
    
  
      Equation 4.2.1 
 
 
Figure 4.2.11. Isolated Ce(III/IV) couple in the cyclic voltammogram of 4.2 vs. Fc/Fc
+
 in 
THF with 0.1 M [
n
Pr4N][BAr
F
4]; [4.2] = ca. 1 mM (left). Current versus ν
1/2
 plot from the 
scan rate dependence of the isolated Ce(III/IV) couple in the cyclic voltammogram of 4.2 
(right). Cathodic features are shown in blue and anodic features are shown in red.  
 
228 
 
 
Figure 4.2.12. Cyclic voltammograms of compound 4.2 (red) and H2omtaa (blue) in THF 
with 0.1 M [
n
Pr4N][BAr
F
4] versus Fc/Fc
+; [analyte] = ca. 1 mM;  ν = 0.5 V/s. Reprinted 
with permission from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American 
Chemical Society. 
 
 
  Compared to other characterized cerium(III/IV) electrochemical events, 
compound 4.2 represented a highly reducing cerium(IV) center. Compound 4.2 is 
compared to other nonaqueous cerium complexes in Table 4.2.2. In general, tetranitrogen 
macrocycles have been described as poor ligands for stabilizing cerium(IV) ions.
10
 For 
example, the porphyrin complex, Ce(OEP)2 (OEP = octaethylporphyrinate) (E1/2 = –0.56 
vs. SCE), and the substituted phthalocyanine complex, Ce[Pc(OC12H25)8]2 (Pc = 
phthalocyanine) (E1/2 = –0.20 vs. SCE), showed metal based redox events at significantly 
less reducing potentials than was observed for complex 4.2.
4,29
 The organometallic 
complex Ce(cot)2 (cot = cyclooctatetraenide) (E1/2 = –0.8 V vs. SCE), while more 
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reducing than Ce(OEP)2 or Ce[Pc(OC12H25)8]2, also showed a less stabilized cerium(IV) 
ion than was measured in 4.2.
5
 To the best of our knowledge, only three cerium-
containing compounds with more reducing potentials than 4.2 have been reported, only 
one of which, Ce[2-(
t
BuNO)py]4 (E1/2 = –1.49 V vs. SCE), showed reversible 
electrochemical behavior.
8,30
  
 
Table 4.2.2. Comparison of the cerium(III/IV) redox potential in 4.2 with reported 
nonaqueous cerium complexes. 
Complex E1/2(V vs. SCE) Reference 
4.2 −1.14 This work 
Ce(OEP)2 −0.56 29 
Ce[Pc(OC12H25)8]2 −0.20 4 
Ce(cot)2 −0.80 5 
Ce[2-(
t
BuNO)py]4 −1.49 30 
 
 
 
Figure 4.2.13. Ligands used to support cerium complexes with reported electrochemistry. 
From left to right, octaethylporphyrin (OEP), Pc(OC12H25)8, cyclooctatetraenide, and 2-
(
t
BuNO)py. 
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4.2.3 Chemical reactivity 
  In order to understand the reaction pathway involved in the oxidation of 4.1 to 
4.2, chemical oxidation of 4.1 was explored. In solution, 4.1 was oxidized in the presence 
of the stable organic radical TEMPO to yield TEMPO-H and 4.2 as detected by 
1
H NMR 
spectroscopy (Scheme 4.2.2). The production of TEMPO-H resulted from hydrogen atom 
transfer from 4.1 to TEMPO and is promoted by oxidation of the cerium center.  
 
 
Scheme 4.2.2. Hydrogen atom transfer reaction from 4.1 to TEMPO and reactions that 
failed to result in hydrogen atom transfer. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
  Deuterium labeling experiments were used to show that compound 4.1 is the 
source of the hydrogen atom donated to TEMPO. Reaction of the deuterated compound 
4.1-D with one equivalent of TEMPO yielded compound 4.2 and TEMPO-D, as 
evidenced by a peak in the 
2
H NMR at 3.67 ppm, recorded in benzene (Figure 4.2.15). 
For comparison, anhydrous TEMPO-H was synthesized according to the procedure of 
Giffin and co-workers.
31
 The 
1
H NMR of TEMPO-H, collected in benzene-d6 and shown 
in Figure 4.2.16, included a feature at 3.72 ppm, corresponding to the O–H proton. 
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Figure 4.2.14. 
1
H NMR of the products of the reaction of 4.1-D with TEMPO in 
benzene-d6 (• = 4.2; • = TEMPO-D/TEMPO-H). Adapted with permission from 
Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
Figure 4.2.15.  
2
H NMR of the products of the reaction of 4.1-D with TEMPO in 
benzene ( • = TEMPO-D). Adapted with permission from Inorganic Chemistry 2013, 52, 
4142.  Copyright 2013, American Chemical Society. 
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Figure 4.2.16. 
1
H NMR of anhydrous TEMPO-H in benzene-d6. Adapted with 
permission from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American 
Chemical Society. 
 
 
  As shown in Scheme 4.2.2, TEMPO is the sole substrate that was found to 
undergo a hydrogen atom transfer reaction in the presence of 4.1. Benzene solutions of 
compound 4.1 were not reactive in the presence of anthracene, styrene, or benzophenone. 
The reduction products of these substrates (9,10-dihydroanthracene, ethylbenzene, and 
benzhydrol) were not observed by 
1
H NMR in the course of the reactions. This may be 
due to the ability of TEMPO to form a stable product as a result of a single hydrogen 
atom transfer event. The other substrates that were considered require two hydrogen atom 
transfer events to yield the expected products. 
  While chemical reduction of compound 4.2 to its parent complex 4.1 was not 
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accomplished, chemical reduction of the cerium(IV) center in compound 4.2 was 
accomplished using potassium metal in the presence of 18-crown-6, yielding 
[K(DME)(18-crown-6)][Ce(omtaa)2] (4.3) (Scheme 4.2.3).  
 
Scheme 4.2.3. Chemical reduction of compound 4.2. Adapted with permission from 
Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 
 
  Crystallization of 4.3 from a mixture of DME and toluene allowed for isolation of 
pure compound 4.3, as confirmed by CHN combustion analysis. Due to the very air 
sensitive nature of the compound as well as the high surface area of the plate-like 
crystals, fully refined structural data were not obtained for 4.3. However, a preliminary 
solution of data collected on 4.3 did confirm the expected connectivity of the atoms with 
two disordered omtaa
2–
 ligands sandwiching the cerium(III) center, and one equivalent of 
18-crown-6 and DME bound to the potassium ion (Figure 4.2.17). This structural motif is 
common to analogous reported compounds, which include a trivalent rare earth ion 
sandwiched by two tmtaa
2–
 ligands.
16 
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Figure 4.2.17. Ball-and-stick model of the unfinished X-ray structure of compound 4.3 
showing the expected connectivity of atoms. Hydrogen atoms have been removed for 
clarity. R1=17.2%. Reprinted with permission from Inorganic Chemistry 2013, 52, 4142.  
Copyright 2013, American Chemical Society. 
 
 
  Unlike the 
1
H NMR of paramagnetic 4.1, the 
1
H NMR spectrum of 4.3 in THF-d8 
was fully assignable (Figure 4.2.18). Spectral analysis revealed paramagnetic shifting and 
broadening as a result of the paramagnetism of the cerium(III) ion in 4.3. Integration of 5 
features in the spectrum (4 of which are assigned to the omtaa
2–
 ligands, and one to 
protons of the 18-crown-6 unit) revealed that the cerium(III) ion is sandwiched between 
two chemically equivalent ligands. This is consistent with sequestration of the potassium 
ion by the crown ether, resulting in D2d symmetry of the [Ce(omtaa)2]
–
 fragment. 
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Figure 4.2.18. 
1
H NMR of 4.3 in THF-d8. Adapted with permission from Inorganic 
Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
  
 
4.3 Summary 
  In summary, the oxidation of compound 4.1 was explored in both the solid and 
solution phases. In the solid state, the oxidation of the cerium(III) center proceeded 
through a SCSC transformation upon exposure to ambient atmosphere. In the solution 
phase, we showed reversible redox behavior of 4.2 at a highly reducing potential and took 
advantage of the facile oxidation of the cerium(III) ion in the omtaa
2–
 ligand framework 
to promote hydrogen atom donation to an organic substrate. Although the transformation 
of 4.1 to 4.2 is as yet irreversible, these results illustrate the possibility of manipulating 
small molecule equivalents with redox changes, reminiscent of the behavior of CeO2, 
using a molecular material in a conserved framework.  
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4.4 Experimental procedures 
4.4.1 General methods and materials 
All reactions and manipulations were performed under an inert atmosphere (N2) 
using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system. 
Glassware was oven-dried overnight at 150 °C prior to use. 
1
H NMR spectra were 
obtained on a Bruker DMX–300 Fourier transform NMR spectrometer at 300 MHz or a 
Bruker AM-500 Fourier transform NMR spectrometer at 500 MHz. 
2
H NMR and 
13
C 
NMR spectra were obtained on a Bruker AM-500 Fourier transform NMR spectrometer 
at 77 and 126 MHz. Chemical shifts were recorded in units of parts per million downfield 
from residual solvent peaks (
1
H or 
2
H) or characteristic solvent peaks (
13
C). Elemental 
analyses were performed at the University of California, Berkeley Microanalytical 
Facility using a Perkin-Elmer Series II 2400 CHNS analyzer. 
Tetrahydrofuran (THF), dimethoxyethane (DME), and toluene were purchased 
from Fisher Scientific. These solvents were sparged for 20 min with dry argon and dried 
using a commercial two-column solvent purification system comprising two columns of 
neutral alumina. Methanol was purchased from Fisher Scientific and used as received. 
Deuterated benzene was purchased from Cambridge Isotope Laboratories, Inc. and stored 
over potassium mirror overnight prior to use. Deuterated water was purchased from 
Acros Organics and used as received. Nickel acetate tetrahydrate, 4,5-dimethyl-
phenylenediamine, and pentanedione were purchased from Acros Organics and used as 
received. HCl gas was purchased from Airgas and used as received. Potassium hydride 
was purchased from Acros Organics as a dispersion in mineral oil, washed with hexane, 
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and dried under reduced pressure before use. 18-crown-6 was purchased from Acros 
Organics, recrystallized from anhydrous acetonitrile, and dried in vacuuo at room 
temperature for 24 hours. Cerium(III) chloride was purchased from Strem Chemicals, 
Inc. and used as received. The complexes Ni(omtaa) and Ce[N(SiMe3)2]3 were 
synthesized as previously described.
21,32
 The supporting electrolyte, [
n
Pr4N][B(3,5-
(CF3)2-C6H3)4] ([
n
Pr4N][BAr
F
4]), was also prepared according to literature procedures.
33
 
Cyclic voltammetry experiments were performed using a CH Instruments 620D 
Electrochemical Analyzer/Workstation and the data were processed using CH 
Instruments software v 9.24. All experiments were performed in an N2 atmosphere 
drybox using electrochemical cells that consisted of a 4 mL vial, platinum disk (2 mm 
diameter) working electrode, a platinum wire counter electrode, and a silver wire plated 
with AgCl as a quasi-reference electrode. The working electrode surfaces were polished 
prior to each set of experiments, and were periodically replaced on scanning > 0 V versus 
Fc to prevent the buildup of oxidized product on the electrode surfaces. Potentials were 
reported versus Fc, which was added as an internal standard for calibration at the end of 
each run. Solutions employed during CV studies were ~1 mM in analyte and 100 mM in 
[
n
Pr4N][BAr
F
4]. All data were collected in a positive-feedback IR compensation mode. 
The THF solution cell resistances were measured prior to each run to ensure resistances ≤ 
~500 Ω.3  
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4.4.2 Synthesis of H2omtaa 
H2omtaa was synthesized with modifications to reported procedures.
20
 The 
complex Ni(omtaa) (6.80 g, 14.9 mmol) was suspended in ~60 mL MeOH and HCl gas 
was bubbled through the suspension with stirring for ~3 minutes, resulting in a dark 
purple-brown solution. N2 was bubbled through the dark brown reaction mixture for 15 
minutes causing a white precipitate to form. The mixture was chilled at –35 oC for 1.5 h 
and the white solid was collected by filtration over a Buchner funnel. The white solid was 
washed one time with ~10 mL MeOH and dried at room temperature under reduced 
pressure for 3 hours. The white solid was then suspended in ~40 mL H2O. 3.97 g (24.4 
mmol, 2.1 equiv) NH4PF6 dissolved in ~20 mL H2O were added slowly to the stirred 
aqueous solution, precipitating a white solid. The solid was isolated by filtration over a 
Buchner funnel, washed one time with ~30 mL H2O, and dried under reduced pressure. 
Next, the white compound (H4omtaa∙(PF6)2) was dissolved in ~15 mL MeOH, and NEt3 
was added until the solution reached a pH of 9. During this addition, an orange solid 
precipitated. The orange solid was isolated by filtration over a Buchner funnel, washed 
one time with ~20 mL MeOH, and dried under reduced pressure at 100 
o
C for 12 h. 
Yield: 3.82 g, 9.53 mmol, 64%. 
1
H NMR (300 MHz, benzene-d6): δ 13.13 ( s, 2H, –NH), 
6.73 (s, 4H, Ar–H), 4.73 (s, 2H, –CH), 2.05 (s, 12H, –CH3), 1.96 (s, 12H, –CH3). 
4.4.3 Synthesis of D2omtaa 
1.20 g (3.00 mmol) H2omtaa were dissolved in ~15 mL THF with stirring. 0.265 g 
(6.61 mmol, 2.2 equiv) KH was added causing a gradual change to dark red. The reaction 
was stirred at R.T. for 22 h, then was filtered through a Celite-packed coarse porosity 
filter to remove excess KH. 0.3 mL D2O (16.6 mmol) was added to the solution via 
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syringe under an N2 purge with stirring. The reaction was sealed under N2 and stirred at R.T. for 
2.5 h. Volatiles were removed under reduced pressure, and the resulting solid was dried under 
vacuum at 110 
o
C overnight. The product was extracted with ~100 mL toluene and filtered 
through a Celite-packed coarse porosity filter. Volatiles were removed under reduced pressure, 
yielding the product as an orange power. Yield: 1.08 g, 2.68 mmol, 89%. 
1
H NMR (300 MHz, 
benzene-d6): δ 6.74 (s, 4H, Ar–H), 4.76 (s, 2H, –CH), 2.05 (s, 12H, –CH3), 1.97 (s, 12H, 
–CH3). 
2
H-NMR (77 MHz, proteo-benzene): δ 12.96 (s, 2D, –ND). 
4.4.4 Synthesis of Ce(Homtaa)(omtaa) (4.1) 
A solution of H2omtaa was prepared by dissolving 0.290 g (0.724 mmol, 2.9 
equiv) of the orange solid in ~12 mL toluene, heating the solution to boiling, and filtering 
the solution through a Celite-packed coarse porosity fritted filter. Next, 0.153 g 
Ce[N(SiMe3)2]3 (0.246 mmol, 1.0 equiv) was dissolved in ~5 mL toluene with heat and 
filtered through a Celite-packed coarse porosity fritted filter. The warm solution of 
Ce[N(SiMe3)2]3 was added slowly to the warm solution of H2omtaa causing a color 
change to dark red. The reaction was covered and set undisturbed at R.T. for 48 h during 
which time dark red-brown crystals precipitated from the reaction mixture. The crystals 
were isolated over a medium porosity fritted filter, washed five times with ~2 mL 
toluene, and dried under reduced pressure. Yield: 0.149 g, 0.159 mmol, 65%. Anal. 
Calcd. for CeC52H61N8: C, 66.57; H, 6.55; N, 11.95. Found: C, 66.30; H, 6.47; N, 11.64. 
1
H NMR (300 MHz, benzene-d6): δ 13.18 (br. singlet), 8.65 (br. singlet), 5.89 (br. singlet) 
5.04 (br. singlet), 4.10 (br. singlet), 1.82 (br. singlet), –3.88 (br. singlet), –4.29 (br. 
singlet), –10.17 (br. singlet), –10.94 (br. singlet), –12.02 (br. singlet). Reliable 
integrations of the peaks at 13.18, 8.65, 5.89, 1.82, -10.17, -10.94, and -12.02 ppm could 
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not be obtained due to the paramagnetic broadening and low intensity of these peaks. The 
peaks at 6.05, 5.02, –3.85 and –4.28 ppm integrate with a ratio of 1H:1H:2H:1H. Specific 
1
H NMR peak assignments could not be made due to fast paramagnetic relaxation and 
broadening of the proton resonances. Attempts to acquire 
1
H NMR data in toluene were 
hindered by low solubility in this solvent. 
4.4.5 Synthesis of Ce(Domtaa)(omtaa) (4.1-D)  
Ce(Domtaa)(omtaa) was synthesized analogously to Ce(Homtaa)(omtaa), 
described above. A saturated solution of D2omtaa was prepared by dissolving 0.330 g 
(0.820 mmol, 3.0 equiv) of the orange solid in ~12 mL toluene, heating the solution to 
boiling, and filtering the solution through a Celite-packed coarse porosity fritted filter. 
Next, 0.168 g (0.270 mmol, 1.0 equiv) Ce[N(SiMe3)2]3 was dissolved in ~5 mL toluene 
with heat and filtered through a Celite-packed coarse porosity fritted filter. The warm 
solution of Ce[N(SiMe3)2]3 was added slowly to the warm solution of D2omtaa causing a 
color change to dark red. The reaction was covered and set undisturbed at R.T. for 48 h 
during which time dark red-brown crystals precipitated from the reaction mixture. The 
crystals were isolated over a medium porosity fritted filter, washed five times with ~2 mL 
toluene, and dried under reduced pressure. Yield: 0.161 g, 0.171 mmol, 63%. The 
1
H 
NMR was consistent with that of Ce(Homtaa)(omtaa). No signal was observed by 
2
H 
NMR. 
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4.4.6 Synthesis of Ce(omtaa)2 (4.2)  
In an N2 atmosphere drybox a 20 mL scintillation vial was charged with 0.058 g 
crystalline Ce(Homtaa)(omtaa) (0.062 mmol). The crystals were removed from the 
drybox and exposed to ambient atmosphere for 30 min at R.T., inducing a color change 
from red-brown to dark green. Yield: 0.057 g, 0.061 mmol, 98%. Anal. Calcd. for 
CeC52H60N8: C, 66.64; H, 6.45; N, 11.96. Found: C, 66.18; H, 6.38; N, 11.61. 
1
H NMR 
(300 MHz, benzene-d6): δ 7.24 (s, 8H, Ar–H), 3.84 (s, 4H, –CH), 2.44 (s, 24H, –CH3), 
1.85 (s, 24H, –CH3). 
13
C NMR (126 MHz, benzene-d6): δ 20.52 (s, –CH3), 24.36 (s, –
CH3), 104.86 (s, –CH), 127.14 (s, Ar), 133.50 (s, Ar), 133.76 (s, Ar), 156.19 (s, –CMe). 
4.4.7 Synthesis of [K(DME)(18-crown-6)][Ce(omtaa)2] (4.3)  
0.042 g Ce(omtaa)2 (0.045 mmol) was dissolved in ~8 mL THF with stirring. 
0.010 g KC8 (0.074 mmol) was added, inducing a slow color change from dark green to 
dark red. The reaction was stirred at room temperature for 2 h and filtered through a 
Celite-packed coarse porosity fritted filter. The resulting solution was stripped of 
volatiles and the red residue was isolated over a medium porosity fritted filter and washed 
4 × 3 mL toluene until the washings ran colorless. The dark red solid was dried under 
reduced pressure, redissolved in ~15 mL DME, and layered with a solution of 0.013 g 18-
crown-6 (0.049 mmol) dissolved in ~2 mL toluene and left to crystallize at room 
temperature. After 24 h, dark red crystals were isolated by filtration over a medium 
porosity fritted filter, washed three times with ~1 mL DME, and dried under reduced 
pressure. Yield: 0.015 g, 0.011 mmol, 25%. Anal. Calcd. For KCeC68H94N8O8: C, 61.37; 
H, 7.12; N, 8.42. Found: C, 61.77; H, 6.89; N, 8.21. 
1
H NMR (500 MHz, THF-d8): δ 9.68 
and 8.65 (broad overlapping s, 28H, –CH3 and –CH), –4.75 (s, 24H, –CH3), –13.89 
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(broad s, 8H, Ar–H). The –CH2 resonance of the 18–crown-6 was observed to overlap 
with a proteo-THF peak at 1.79 ppm. The –CH2 and –CH3 resonances of the coordinated 
DME were not observed in the 
1
H NMR spectrum due to overlap with the proteo-THF 
peaks.  
4.4.8 Synthesis of anhydrous TEMPO-H  
Anhydrous TEMPO-H was synthesized according to literature procedures by 
adding 1 equiv sodium TEMPO to a suspension of 1 equiv HNEt3Cl in Et2O.
31
 The 
reaction mixture was stirred overnight after which volatiles were removed, yielding the 
product as a colorless crystalline solid, which sublimed on standing at room temperature 
in a N2-filled glovebox. The unit cell parameters of these sublimed crystals were 
consistent with the reported data. However, the 
1
H NMR spectrum collected in benzene-
d6 differed substantially from literature values. 
1
H NMR (benzene-d6): δ 3.72 (s, 1H, –
OH), 1.25–1.45 (m, 6H, –CH2), 1.14 (s, 12H, –CH3). 
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4.5 Crystallographic data  
X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1) K. In all cases, rotation frames were integrated using SAINT,
34
 producing a listing 
of unaveraged F
2
 and σ(F2) values, which were then passed to the SHELXTL35 program 
package for further processing and structure solution on a Dell Pentium 4 computer. The 
intensity data were corrected for Lorentz and polarization effects and for absorption using 
TWINABS
36
 or SADABS.
37
 The structures were solved by direct methods (SHELXS-
97).
38
 Refinement was by full-matrix least squares based on F
2
 using SHELXL-97.
38
 All 
reflections were used during refinements. Non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were refined using a riding model.  
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Table 4.5.1. Crystallographic parameters for compounds 4.1 and 4.2. Adapted with 
permission from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American 
Chemical Society. 
  4.1 4.2 
Empirical formula CeC52H61N8 CeC52H60N8 
Formula weight 938.21 937.20 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system monoclinic monoclinic 
Space group C2/c C2/c 
Cell constants   
a (Å) 18.524(4) 18.620(3) 
b (Å) 18.559(3) 18.510(3) 
c (Å) 16.309(3) 16.014(2) 
β (o) 94.435(9) 98.146(7) 
V (Å
3
) 5590.0(18) 5463.6(14) 
Z 4 4 
ρcalc (mg/cm
3
) 1.114 1.139 
µ (Mo Kα) (mm-1) 0.851 0.871 
F(000) 1944 1944 
Crystal size (mm
3
) 0.36 × 0.30 × 0.30 0.32 × 0.20 × 0.08 
Theta range for data 
collection 
1.94 to 27.52
o
 1.92 to 27.56
o
 
Index ranges 
-24 ≤ h ≤ 24, -24 ≤ k ≤ 24, 
-21 ≤ l ≤ 21 
-24 ≤ h ≤ 24, -24 ≤ k ≤ 24, 
-20 ≤ l ≤ 20 
Reflections collected 72063 45576 
Independent collections 6396 [R(int) = 0.0231] 6291 [R(int) = 0.0240] 
Completeness to theta = 
27.52
o
 
99.5% 99.7% 
Absorption correction 
Semi-empirical from 
equivalents 
Semi-empirical from 
equivalents 
Max and min. transmission 1.0000 and 0.9013 1.0000 and 0.9026 
Refinement method 
Full-matrix least-squares 
on F
2
 
Full-matrix least-squares 
on F
2
 
Data / restraints / 
parameters 
6396 / 0 / 285 6291 / 0 / 285 
Goodness-of-fit on F
2
 1.241 1.138 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0233, wR2 = 
0.0728 
R1 = 0.0250, wR2 = 
0.0694 
R indices (all data) 
R1 = 0.0249, wR2 = 
0.0748 
R1 = 0.0282, wR2 = 
0.0718 
Largest diff. peak and hole 
(e.Å
-3
) 
0.495 and -0.464 0.946 and -0.527 
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Table 4.5.2. Bond lengths for compound 4.1 (Å). 
Ce1-N4#1  2.4367(15) C2-C3  1.379(3) 
Ce1-N1#1  2.4393(15) C4-C5  1.388(3) 
Ce1-N3#1  2.4600(15) C7-C8  1.399(3) 
Ce1-C15  2.9781(18) C9-C20  1.513(3) 
N1-C18  1.330(2) C11-C12  1.380(3) 
N2-C6  1.420(2) C13-C14  1.379(3) 
N4-C16  1.320(2) C16-C17  1.398(3) 
C1-C6  1.415(3) C18-C22  1.514(2) 
C3-C23  1.515(3) Ce1-N1  2.4393(15) 
C5-C6  1.399(3) Ce1-N2  2.4479(15) 
C8-C9  1.401(3) Ce1-C15#1  2.9781(18) 
C10-C15  1.415(3) Ce1-C10  2.9947(18) 
C12-C25  1.516(3) N2-C7  1.318(2) 
C14-C15  1.401(3) N3-C10  1.409(2) 
C17-C18  1.396(3) C1-C2  1.402(3) 
Ce1-N4  2.4367(15) C3-C4  1.400(3) 
Ce1-N2#1  2.4479(15) C4-C24  1.514(3) 
Ce1-N3  2.4600(16) C7-C19  1.518(3) 
Ce1-C10#1  2.9947(18) C10-C11  1.403(3) 
N1-C1  1.409(2) C12-C13  1.400(3) 
N3-C9  1.320(2) C13-C26  1.513(3) 
N4-C15  1.411(2) C16-C21  1.514(3) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2      
 
Table 4.5.3. Bond angles for compound 4.1 (
o
). 
N4#1-Ce1-N4 75.50(7) C18-N1-Ce1 136.14(12) 
N4#1-Ce1-N1#1 70.30(5) C7-N2-Ce1 138.10(13) 
N4#1-Ce1-N2#1 104.31(5) C9-N3-Ce1 137.06(12) 
N1#1-Ce1-N2#1 65.47(5) C16-N4-Ce1 137.19(12) 
N1-Ce1-N2 65.47(5) C2-C1-C6 118.07(17) 
N4#1-Ce1-N3#1 65.00(5) N1-C1-Ce1 53.45(8) 
N1#1-Ce1-N3#1 103.66(5) C2-C3-C4 119.36(18) 
N4#1-Ce1-N3 113.68(5) C5-C4-C3 119.21(19) 
N1#1-Ce1-N3 76.35(5) C4-C5-C6 121.80(19) 
N3#1-Ce1-N3 178.48(7) C1-C6-N2 115.74(16) 
N1-Ce1-C15#1 82.78(5) N2-C6-Ce1 53.81(8) 
N2-Ce1-C15#1 147.52(5) C8-C7-C19 116.40(17) 
N4#1-Ce1-C15 68.90(5) N3-C9-C20 121.90(18) 
N1#1-Ce1-C15 82.78(5) C11-C10-C15 118.02(18) 
N3#1-Ce1-C15 127.41(5) N3-C10-Ce1 54.49(8) 
N4#1-Ce1-C10#1 50.93(5) C11-C12-C13 119.55(19) 
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N1#1-Ce1-C10#1 112.65(5) C14-C13-C12 119.1(2) 
N3#1-Ce1-C10#1 27.79(5) C13-C14-C15 122.1(2) 
C15-Ce1-C10#1 101.13(5) N4-C15-C10 115.44(16) 
N1-Ce1-C10 112.65(5) C10-C15-Ce1 76.95(10) 
N2-Ce1-C10 97.43(5) C17-C16-C21 115.56(17) 
C15#1-Ce1-C10 101.13(5) N1-C18-C22 121.89(17) 
C18-N1-C1 124.52(15) N4-Ce1-N1 70.30(5) 
C7-N2-C6 123.62(16) N1-Ce1-N1#1 179.20(6) 
C9-N3-C10 125.00(16) N1-Ce1-N2#1 113.84(5) 
C16-N4-C15 124.34(15) N4-Ce1-N2 104.31(5) 
C2-C1-N1 125.82(17) N2#1-Ce1-N2 76.26(7) 
C2-C1-Ce1 136.76(12) N1-Ce1-N3#1 76.35(5) 
C3-C2-C1 122.44(19) N2-Ce1-N3#1 111.26(5) 
C4-C3-C23 121.3(2) N1-Ce1-N3 103.66(5) 
C3-C4-C24 121.6(2) N2-Ce1-N3 70.02(5) 
C5-C6-N2 124.85(17) N4-Ce1-C15#1 68.90(5) 
C1-C6-Ce1 76.31(10) N2#1-Ce1-C15#1 113.14(5) 
N2-C7-C19 121.44(18) N3-Ce1-C15#1 127.41(5) 
N3-C9-C8 122.32(17) N1-Ce1-C15 97.85(5) 
C11-C10-N3 125.72(17) N2-Ce1-C15 113.14(5) 
C11-C10-Ce1 134.94(12) C15#1-Ce1-C15 76.36(7) 
C12-C11-C10 122.3(2) N1-Ce1-C10#1 67.73(5) 
C13-C12-C25 120.9(2) N2-Ce1-C10#1 124.47(5) 
C12-C13-C26 121.4(2) C15#1-Ce1-C10#1 27.40(5) 
C14-C15-C10 118.92(17) N4-Ce1-C10 50.93(5) 
N4-C15-Ce1 54.15(8) N2#1-Ce1-C10 124.47(5) 
N4-C16-C21 122.64(18) N3-Ce1-C10 27.79(5) 
N1-C18-C17 122.49(16) C10#1-Ce1-C10 127.55(7) 
N4#1-Ce1-N1 110.37(5) C1-N1-Ce1 98.91(10) 
N4-Ce1-N1#1 110.37(5) C6-N2-Ce1 98.28(10) 
N4-Ce1-N2#1 175.35(5) C10-N3-Ce1 97.72(10) 
N4#1-Ce1-N2 175.35(5) C15-N4-Ce1 97.87(10) 
N1#1-Ce1-N2 113.84(5) N1-C1-C6 115.73(16) 
N4-Ce1-N3#1 113.68(5) C6-C1-Ce1 76.43(10) 
N2#1-Ce1-N3#1 70.02(5) C2-C3-C23 119.3(2) 
N4-Ce1-N3 65.00(5) C5-C4-C24 119.2(2) 
N2#1-Ce1-N3 111.26(5) C5-C6-C1 119.06(17) 
N4#1-Ce1-C15#1 27.98(5) C5-C6-Ce1 136.50(12) 
N1#1-Ce1-C15#1 97.85(5) N2-C7-C8 122.08(17) 
N3#1-Ce1-C15#1 51.07(5) C7-C8-C9 128.22(17) 
N4-Ce1-C15 27.98(5) C8-C9-C20 115.71(18) 
N2#1-Ce1-C15 147.52(5) N3-C10-C15 115.66(16) 
N3-Ce1-C15 51.07(5) C15-C10-Ce1 75.65(10) 
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N4-Ce1-C10#1 86.07(5) C11-C12-C25 119.5(2) 
N2#1-Ce1-C10#1 97.43(5) C14-C13-C26 119.5(2) 
N3-Ce1-C10#1 150.80(5) C14-C15-N4 125.12(17) 
N4#1-Ce1-C10 86.07(5) C14-C15-Ce1 133.72(13) 
N1#1-Ce1-C10 67.73(5) N4-C16-C17 121.75(16) 
N3#1-Ce1-C10 150.80(5) C16-C17-C18 128.26(17) 
C15-Ce1-C10 27.40(5) C17-C18-C22 115.55(17) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2      
 
Table 4.5.4. Bond lengths for compound 4.2 (Å). 
Ce1-N4  2.5260(16) C2-C3  1.387(3) 
Ce1-N1  2.5517(17) C4-C5  1.391(3) 
Ce1-N2#1  2.5690(16) C7-C8  1.452(3) 
Ce1-C15#1  3.0759(18) C9-C20  1.514(3) 
N1-C18  1.320(3) C11-C12  1.387(3) 
N2-C6  1.417(2) C13-C14  1.392(3) 
N4-C16  1.321(2) C16-C17  1.411(3) 
C1-C6  1.420(3) C18-C22  1.526(3) 
C3-C23  1.516(3) Ce1-N1#1  2.5517(17) 
C5-C6  1.400(3) Ce1-N3#1  2.5570(17) 
C8-C9  1.459(3) Ce1-C15  3.0759(18) 
C10-C15  1.415(3) Ce1-C10#1  3.0860(18) 
C12-C25  1.514(3) N2-C7  1.301(2) 
C14-C15  1.401(3) N3-C10  1.420(2) 
C17-C18  1.407(3) C1-C2  1.409(3) 
Ce1-N4#1  2.5260(16) C3-C4  1.404(4) 
Ce1-N3  2.5570(17) C4-C24  1.512(3) 
Ce1-N2  2.5690(15) C7-C19  1.513(3) 
Ce1-C10  3.0860(18) C10-C11  1.401(3) 
N1-C1  1.412(2) C12-C13  1.397(3) 
N3-C9  1.301(2) C13-C26  1.516(3) 
N4-C15  1.417(2) C16-C21  1.518(3) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2      
 
Table 4.5.5. Bond angles for compound 4.2 (
o
). 
N4-Ce1-N4#1 85.01(7) C18-N1-Ce1 135.70(13) 
N4-Ce1-N1 69.44(5) C7-N2-Ce1 137.24(13) 
N4-Ce1-N3 63.20(5) C9-N3-Ce1 137.40(12) 
N1-Ce1-N3 100.54(5) C16-N4-Ce1 136.59(13) 
N1#1-Ce1-N3#1 100.54(5) C2-C1-C6 118.05(18) 
N4-Ce1-N2#1 171.05(5) N1-C1-Ce1 54.65(9) 
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N1-Ce1-N2#1 113.65(5) C2-C3-C4 119.6(2) 
N4-Ce1-N2 100.71(5) C5-C4-C3 119.0(2) 
N1-Ce1-N2 62.46(5) C4-C5-C6 122.1(2) 
N2#1-Ce1-N2 74.50(7) N2-C6-C1 115.85(16) 
N1#1-Ce1-C15 87.41(5) C1-C6-Ce1 76.85(11) 
N3#1-Ce1-C15 134.91(5) C8-C7-C19 113.20(17) 
N4-Ce1-C15#1 79.07(5) N3-C9-C20 124.07(17) 
N1-Ce1-C15#1 87.41(5) C11-C10-N3 124.74(17) 
N2#1-Ce1-C15#1 109.13(5) C15-C10-Ce1 76.33(10) 
N4-Ce1-C10 49.59(5) C11-C12-C13 118.81(19) 
N1-Ce1-C10 109.76(5) C14-C13-C12 119.41(19) 
N2#1-Ce1-C10 122.59(5) C13-C14-C15 122.5(2) 
C15#1-Ce1-C10 108.54(5) C10-C15-N4 116.48(16) 
N1#1-Ce1-C10#1 109.76(5) N4-C15-Ce1 54.29(9) 
N3#1-Ce1-C10#1 27.14(5) C17-C16-C21 115.27(18) 
C15-Ce1-C10#1 108.54(5) N1-C18-C22 121.64(19) 
C18-N1-C1 125.48(17) N4#1-Ce1-N1#1 69.44(5) 
C7-N2-C6 124.54(16) N1#1-Ce1-N1 175.58(7) 
C9-N3-C10 124.39(16) N1#1-Ce1-N3 79.29(5) 
C16-N4-C15 124.71(16) N4#1-Ce1-N3#1 63.20(5) 
C2-C1-N1 125.54(18) N3-Ce1-N3#1 175.67(6) 
C2-C1-Ce1 134.23(13) N1#1-Ce1-N2#1 62.46(5) 
C3-C2-C1 122.1(2) N3#1-Ce1-N2#1 68.49(5) 
C4-C3-C23 120.7(2) N1#1-Ce1-N2 113.65(5) 
C3-C4-C24 121.3(2) N3#1-Ce1-N2 107.85(5) 
C5-C6-C1 119.12(18) N4#1-Ce1-C15 79.07(5) 
N2-C6-Ce1 55.51(9) N3-Ce1-C15 49.41(5) 
N2-C7-C19 124.42(18) N2-Ce1-C15 109.13(5) 
N3-C9-C8 122.61(17) N1#1-Ce1-C15#1 95.83(5) 
C11-C10-C15 119.20(17) N3#1-Ce1-C15#1 49.41(5) 
C11-C10-Ce1 135.02(12) C15-Ce1-C15#1 85.83(7) 
C12-C11-C10 122.23(19) N1#1-Ce1-C10 72.08(5) 
C13-C12-C25 121.5(2) N3#1-Ce1-C10 156.88(5) 
C12-C13-C26 120.9(2) C15-Ce1-C10 26.54(5) 
C14-C15-N4 125.57(18) N4#1-Ce1-C10#1 49.59(5) 
C10-C15-Ce1 77.13(10) N3-Ce1-C10#1 156.88(5) 
N4-C16-C21 121.88(18) N2-Ce1-C10#1 122.59(5) 
N1-C18-C17 122.76(18) C10-Ce1-C10#1 133.63(7) 
N4-Ce1-N1#1 114.08(5) C1-N1-Ce1 98.53(11) 
N4#1-Ce1-N1 114.08(5) C6-N2-Ce1 97.44(11) 
N4#1-Ce1-N3 120.43(5) C10-N3-Ce1 97.66(10) 
N4-Ce1-N3#1 120.43(5) C15-N4-Ce1 98.62(11) 
N1-Ce1-N3#1 79.29(5) N1-C1-C6 115.90(16) 
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N4#1-Ce1-N2#1 100.71(5) C6-C1-Ce1 76.60(10) 
N3-Ce1-N2#1 107.85(5) C2-C3-C23 119.7(2) 
N4#1-Ce1-N2 171.05(5) C5-C4-C24 119.7(2) 
N3-Ce1-N2 68.49(5) C5-C6-N2 124.52(18) 
N4-Ce1-C15 27.10(5) C5-C6-Ce1 132.44(13) 
N1-Ce1-C15 95.83(5) N2-C7-C8 122.37(17) 
N2#1-Ce1-C15 146.95(5) C7-C8-C9 126.98(17) 
N4#1-Ce1-C15#1 27.10(5) C8-C9-C20 113.31(16) 
N3-Ce1-C15#1 134.91(5) C15-C10-N3 115.76(16) 
N2-Ce1-C15#1 146.95(5) N3-C10-Ce1 55.20(9) 
N4#1-Ce1-C10 93.89(5) C11-C12-C25 119.7(2) 
N3-Ce1-C10 27.14(5) C14-C13-C26 119.7(2) 
N2-Ce1-C10 95.06(5) C14-C15-C10 117.70(18) 
N4-Ce1-C10#1 93.89(5) C14-C15-Ce1 136.45(13) 
N1-Ce1-C10#1 72.08(5) N4-C16-C17 122.76(18) 
N2#1-Ce1-C10#1 95.06(5) C18-C17-C16 129.22(18) 
C15#1-Ce1-C10#1 26.54(5) C17-C18-C22 115.53(19) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2      
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Table 4.5.6. Crystallographic parameters for compound 4.3. Adapted with permission 
from Inorganic Chemistry 2013, 52, 4142.  Copyright 2013, American Chemical Society. 
 4.3 
Empirical formula CeKC68H94N8O8 
Formula weight 1330.73 
Temperature (K) 143(1) 
Wavelength (Å) 0.71073 
Crystal system orthorhombic 
Space group Pbca 
Cell constants  
a (Å) 23.2838(14) 
b (Å) 22.0267(14) 
c (Å) 32.479(2) 
α (o) 90.00 
β (o) 90.00 
γ (o) 90.00 
V (Å
3
) 16657.4(18) 
Z 8 
ρcalc (mg/cm
3
) 1.205 
µ (Mo Kα) (mm-1) 0.655 
F(000) 6392 
Crystal size (mm
3
) 0.38 × 0.22 × 0.20  
Theta range for data collection 1.53 to 27.54
o
 
Index ranges -30 ≤ h ≤ 30, -28 ≤ k ≤ 28, -42 ≤ l ≤ 42 
Reflections collected 233070 
Independent collections 19158 [R(int) = 0.0668] 
Completeness to theta = 27.52
o
 99.6% 
Absorption correction Semi-empirical from equivalents 
Max and min. transmission 1.0000 and 0.8541 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 19158 / 0 / 332 
Goodness-of-fit on F
2
 2.364 
Final R indices [I>2sigma(I)] R1 = 0.1890, wR2 = 0.5457 
R indices (all data) R1 = 0.2330, wR2 = 0.5733 
Largest diff. peak and hole (e.Å
-3
) 5.124 and -13.266 
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Table 4.5.7. Bond lengths for compound 4.3 (Å). 
Ce1-N8 2.518(10) C36-C41 1.496(18) 
Ce1-N4 2.523(10) C37-C38 1.44(2) 
Ce1-N6 2.529(10) C38-C39 1.35(2) 
Ce1-N3 2.544(10) C38-C51 1.53(3) 
Ce1-N7 2.544(10) C39-C40 1.39(2) 
Ce1-N5 2.548(9) C39-C52 1.45(3) 
Ce1-N1 2.550(9) C40-C41 1.407(18) 
Ce1-N2 2.555(10) C42-C43 1.332(18) 
Ce1-C41 3.050(13) C42-C47 1.62(3) 
Ce1-C10 3.067(13) C43-C44 1.471(18) 
Ce1-C32 3.075(11) C44-C48 1.54(2) 
Ce1-C15 3.077(13) K1O1' 2.730(8) 
N1C-18 1.273(15) K1-O5 2.734(6) 
N1-C1 1.399(15) K1-O5' 2.755(8) 
N2-C7 1.328(15) K1-O1 2.763(6) 
N2-C6 1.425(14) K1-06' 2.770(9) 
N3-C9 1.340(15) K1-O3 2.777(6) 
N3-C10 1.423(15) K1-O3' 2.782(8) 
N4-C16 1.318(14) K1-O2' 2.783(9) 
N4-C15 1.404(14) K1-O6' 2.789(6) 
N5-C44 1.256(15) K1-O4 2.810(6) 
N5-C27 1.428(14) K1-O2 2.817(6) 
N6-C33 1.333(16) K1-O4' 2.832(8) 
N6-C32 1.423(14) O1-C64 1.4185 
N7-C36 1.327(15) O1-C53 1.4225 
N7-C35 1.351(17) O2-C54 1.3888 
N8-C42 1.318(17) O2-C55 1.4122 
N8-C41 1.414(15) O3-C56 1.3921 
C1-C6 1.423(16) O3-C57 1.4284 
C1-C2 1.427(19) O4-C58 1.3898 
C2-C3 1.42(3) O4-C59 1.4282 
C3-C4 1.31(3) O5-C60 1.4115 
C3-C23 1.53(3) O5-C61 1.4326 
C4-C5 1.41(2) O6-C62 1.4201 
C4-C24 1.65(3) O6-C63 1.4257 
C5-C6 1.390(19) C53-C54 1.47 
C7-C8 1.433(18) C55-C56 1.4695 
C7-C19 1.51(2) C57-C58 1.4708 
C8-C9 1.365(17) C59-C60 1.4553 
C9-C20 1.59(2) C61-C62 1.4564 
C10-C15 1.417(17) C63-C64 1.4448 
C10-C11 1.416(18) O1'-C64' 1.4185 
252 
 
C11-C12 1.24(2) O1'-C53' 1.4225 
C12-C13 1.38(2) O2'-C54' 1.3888 
C12-C25 1.61(3) O2'-C55' 1.4122 
C13-C14 1.49(2) O3'-C56' 1.3921 
C13-C26 1.54(3) O3'-C57' 1.4284 
C14-C15 1.376(19) O4'-C58' 1.3898 
C16-C17 1.407(17) O4'-C59' 1.4282 
C16-C21 1.50(2) O5'-C60' 1.4115 
C17-C18 1.429(17) O5'-C61' 1.4326 
C18-C22 1.57(2) O6'-C62' 1.4201 
C27-C32 1.374(15) O6'-C63' 1.4257 
C27-C28 1.418(17) C53'-C54' 1.47 
C28-C29 1.441(19) C55'-C56' 1.4694 
C29-C30 1.29(2) C57'-C58' 1.4708 
C29-C50 1.54(3) C59'-C60' 1.4554 
C30-C31 1.45(2) C61'-C62' 1.4564 
C30-C49 1.42(3) C63'-C64' 1.4448 
C31-C32 1.450(18) O7-C65 1.49(4) 
C33-C34 1.392(18) O7-C67 1.63(4) 
C33-C45 1.54(2) O8-C66 1.43(4) 
C34-C35 1.406(19) O8-C68 1.45(4) 
C35-C46 1.58(2) C65-C66 1.46(4) 
C36-C37 1.400(18)     
 
Table 4.5.8. Bond angles for compound 4.3 (
o
). 
N8-Ce1-N4 79.0(4) N7-C35-C46 120.7(13) 
N8-Ce1-N6 101.4(3) C34-C35-C46 112.4(14) 
N4-Ce1-N6 174.2(3) N7-C36-C37 128.1(12) 
N8-Ce1-N3 116.2(3) N7-C36-C41 113.8(11) 
N4-Ce1-N3 63.7(3) C37-C36-C41 117.6(12) 
N6-Ce1-N3 111.4(3) N7-C36-Ce1 54.1(6) 
N8-Ce1-N7 63.3(3) C37-C36-Ce1 135.5(9) 
N4-Ce1-N7 116.0(3) C41-C36-Ce1 74.6(7) 
N6-Ce1-N7 68.9(3) C36-C37-C38 120.3(13) 
N3-Ce1-N7 179.5(3) C39-C38-C37 121.2(15) 
N8-Ce1-N5 68.8(3) C39-C38-C51 123.1(18) 
N4-Ce1-N5 112.0(3) C37-C38-C51 115.7(16) 
N6-Ce1-N5 63.2(3) C38-C39-C40 120.8(16) 
N3-Ce1-N5 79.4(3) C38-C39-C52 119.9(17) 
N7-Ce1-N5 100.5(4) C40-C39-C52 118.6(16) 
N8-Ce1-N1 111.8(3) C39-C40-C41 121.5(14) 
N4-Ce1-N1 68.9(3) N8-C41-C40 124.8(12) 
N6-Ce1-N1 115.9(3) N8-C41-C36 116.3(11) 
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N3-Ce1-N1 100.8(4) C40-C41-C36 118.5(12) 
N7-Ce1-N1 79.3(3) N8-C41-Ce1 54.9(6) 
N5-Ce1-N1 179.0(3) C40-C41-Ce1 133.9(9) 
N8-Ce1-N2 174.2(3) C36-C41-Ce1 77.1(7) 
N4-Ce1-N2 101.3(3) N8-C42-C43 124.8(13) 
N6-Ce1-N2 78.9(4) N8-C42-C47 120.6(12) 
N3-Ce1-N2 68.8(3) C43-C42-C47 114.5(12) 
N7-Ce1-N2 111.7(3) C42-C43-C44 126.6(13) 
N5-Ce1-N2 116.0(3) N5-C44-C43 124.4(12) 
N1-Ce1-N2 63.3(3) N5-C44-C48 124.7(12) 
N8-Ce1-C41 27.4(3) C43-C44-C48 110.8(12) 
N4-Ce1-C41 73.6(3) O1'-K1-O5 25.5(3) 
N6-Ce1-C41 109.4(3) O1'-K1-O5' 119.7(3) 
N3-Ce1-C41 130.5(3) O5-K1-O5' 94.5(3) 
N7-Ce1-C41 49.0(3) O1'-K1-O1 94.2(3) 
N5-Ce1-C41 95.4(3) O5-K1-O1 119.3(2) 
N1-Ce1-C41 85.1(3) O5'-K1-O1 146.1(3) 
N2-Ce1-C41 147.1(3) O1'-K1-O6' 60.83(18) 
N8-Ce1-C10 89.1(3) O5-K1-O6' 35.4(3) 
N4-Ce1-C10 49.3(3) O5'-K1-O6' 59.50(18) 
N6-Ce1-C10 124.9(3) O1-K1-O6' 153.6(3) 
N3-Ce1-C10 27.4(3) O1'-K1-O3 147.1(3) 
N7-Ce1-C10 152.1(3) O5-K1-O3 121.6(2) 
N5-Ce1-C10 71.5(3) O5'-K1-O3 27.7(3) 
N1-Ce1-C10 109.2(3) O1-K1-O3 118.5(2) 
N2-Ce1-C10 95.5(3) O6'-K1-O3 86.3(3) 
C41-Ce1-C10 104.1(3) O1'-K1-O3' 119.5(3) 
N8-Ce1-C32 109.6(3) O5-K1-O3' 144.2(3) 
N4-Ce1-C32 147.2(3) O5'-K1-O3' 120.6(3) 
N6-Ce1-C32 27.3(3) O1-K1-O3' 25.6(3) 
N3-Ce1-C32 84.8(3) O6'-K1-O3' 169.1(4) 
N7-Ce1-C32 95.5(3) O3-K1-O3' 93.0(3) 
N5-Ce1-C32 49.2(3) O1'-K1-O2' 60.06(18) 
N1-Ce1-C32 129.9(3) O5-K1-O2' 84.2(3) 
N2-Ce1-C32 73.3(3) O5'-K1-O2' 169.7(4) 
C41-Ce1-C32 128.1(3) O1-K1-O2' 35.9(3) 
C10-Ce1-C32 98.3(3) O6'-K1-O2' 117.7(3) 
N8-Ce1-C15 73.1(3) O3-K1-O2' 150.1(3) 
N4-Ce1-C15 26.8(3) O3'-K1-O2' 59.94(17) 
N6-Ce1-C15 147.7(3) O1'-K1-O6 35.7(3) 
N3-Ce1-C15 50.1(3) O5-K1-O6 59.53(12) 
N7-Ce1-C15 129.4(3) O5'-K1-O6 152.4(3) 
N5-Ce1-C15 85.8(3) O1-K1-O6 60.21(12) 
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N1-Ce1-C15 95.1(3) O6'-K1-O6 93.5(3) 
N2-Ce1-C15 109.8(3) O3-K1-O6 166.5(3) 
C41-Ce1-C15 80.5(3) O3'-K1-O6 84.6(3) 
C10-Ce1-C15 26.7(3) O2'-K1-O6 24.7(3) 
C32-Ce1-C15 123.4(3) O1'-K1-O4 86.8(3) 
C18-N1-C1 123.8(11) O5-K1-O4 61.35(13) 
C18-N1-Ce1 136.2(8) O5'-K1-O4 34.7(3) 
C1-N1-Ce1 99.1(7) O1-K1-O4 168.5(3) 
C7-N2-C6 123.6(10) O6'-K1-O4 26.1(3) 
C7-N2-Ce1 136.7(8) O3-K1-O4 60.43(12) 
C6-N2-Ce1 99.6(7) O3'-K1-O4 150.1(3) 
C9-N3-C10 128.0(11) O2'-K1-O4 140.2(3) 
C9-N3-Ce1 134.0(8) O6-K1-O4 117.8(2) 
C10-N3-Ce1 97.2(7) O1'-K1-O2 151.6(3) 
C16-N4-C15 125.2(10) O5-K1-O2 167.2(3) 
C16-N4-Ce1 135.2(7) O5'-K1-O2 87.2(3) 
C15-N4-Ce1 99.1(7) O1-K1-O2 59.27(12) 
C44-N5-C27 126.9(10) O6'-K1-O2 142.5(3) 
C44-N5-Ce1 133.8(8) O3-K1-O2 59.59(12) 
C27-N5-Ce1 98.1(6) O3'-K1-O2 33.8(3) 
C33-N6-C32 124.0(11) O2'-K1-O2 91.8(3) 
C33-N6-Ce1 136.4(8) O6-K1-O2 116.0(2) 
C32-N6-Ce1 98.3(6) O4-K1-O2 117.2(2) 
C36-N7-C35 125.8(11) O1'-K1-O4' 171.2(4) 
C36-N7-Ce1 100.9(8) O5-K1-O4' 152.2(3) 
C35-N7-Ce1 131.0(9) O5'-K1-O4' 60.83(17) 
C42-N8-C41 126.9(12) O1-K1-O4' 85.7(3) 
C42-N8-Ce1 134.0(9) O6'-K1-O4' 117.7(3) 
C41-N8-Ce1 97.8(7) O3-K1-O4' 33.2(3) 
N1-C1-C6 117.6(11) O3'-K1-O4' 60.11(17) 
N1-C1-C2 126.7(12) O2'-K1-O4' 117.6(3) 
C6-C1-C2 115.3(12) O6-K1-O4' 140.7(3) 
N1-C1-Ce1 54.4(6) O4-K1-O4' 91.7(3) 
C6-C1-Ce1 78.0(7) O2-K1-O4' 26.4(3) 
C2-C1-Ce1 135.2(9) C64-O1-C53 111.2 
C3-C2-C1 121.4(16) C64-O1-K1 116.80(13) 
C4-C3-C2 121(2) C53-O1-K1 118.35(12) 
C4-C3-C23 115(2) C54-O2-C55 113.4 
C2-C3-C23 124(2) C54-O2-K1 112.09(13) 
C3-C4-C5 120(2) C55-O2-K1 114.06(12) 
C3-C4-C24 133(2) C56-O3-C57 112.8 
C5-C4-C24 106.4(18) C56-O3-K1 118.19(12) 
C6-C5-C4 120.6(15) C57-O3-K1 115.37(13) 
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C5-C6-N2 122.7(12) C58-O4-C59 112.4 
C5-C6-C1 121.3(12) C58-O4-K1 110.53(14) 
N2-C6-C1 115.2(10) C59-O4-K1 107.35(12) 
N2-C7-C8 122.0(11) C60-O5-C61 114.8 
N2-C7-C19 121.7(13) C60-O5-K1 117.00(13) 
C8-C7-C19 116.2(12) C61-O5-K1 118.02(13) 
C9-C8-C7 127.3(12) C62-O6-C63 111.3 
N3-C9-C8 125.5(12) C62-O6-K1 114.38(12) 
N3-C9-C20 116.2(12) C63-O6-K1 112.55(13) 
C8-C9-C20 118.4(12) O1-C53-C54 108.6 
C15-C10-N3 117.4(11) O2-C54-C53 109 
C15-C10-C11 118.5(12) O2-C55-C56 111.8 
N3-C10-C11 123.4(12) O3-C56-C55 109 
C15-C10-Ce1 77.0(7) O3-C57-C58 110 
N3-C10-Ce1 55.4(6) O4-C58-C57 108.5 
C11-C10-Ce1 132.9(9) O4-C59-C60 110.6 
C12-C11-C10 122.5(16) O4-C59-K1 49.80(10) 
C11-C12-C13 124.3(19) C60-C59-K1 81.68(11) 
C11-C12-C25 127(2) O5-C60-C59 108.6 
C13-C12-C25 108.5(19) O5-C61-C62 110.4 
C12-C13-C14 116.7(16) O6-C62-C61 106.9 
C12-C13-C26 135(2) O6-C63-C64 110.4 
C14-C13-C26 107.5(17) O1-C64-C63 108.5 
C15-C14-C13 118.4(14) C64'-O1'-C53' 111.2 
C14-C15-N4 124.6(12) C64'-O1'-K1 116.44(18) 
C14-C15-C10 119.6(12) C53'-O1'-K1 117.76(18) 
N4-C15-C10 115.3(11) C54'-O2'-C55' 113.4 
C14-C15-Ce1 134.0(9) C54'-O2'-K1 112.27(17) 
N4-C15-Ce1 54.1(6) C55'-O2'-K1 114.88(18) 
C10-C15-Ce1 76.3(7) C56'-O3'-C57' 112.8 
N4-C16-C17 123.7(11) C56'-O3'-K1 117.03(18) 
N4-C16-C21 119.8(12) C57'-O3'-K1 115.63(17) 
C17-C16-C21 116.4(12) C58'-O4'-C59' 112.4 
C16-C17-C18 127.3(12) C58'-O4'-K1 111.02(18) 
N1-C18-C17 122.4(12) C59'-O4'-K1 108.15(18) 
N1-C18-C22 124.4(13) C60'-O5'-C61' 114.8 
C17-C18-C22 113.1(13) C60'-O5'-K1 117.07(17) 
C32-C27-C28 121.4(11) C61'-O5'-K1 117.12(18) 
C32-C27-N5 116.8(10) C62'-O6'-C63' 111.3 
C28-C27-N5 121.0(11) C62'-O6'-K1 115.54(19) 
C32-C27-Ce1 76.4(7) C63'-O6'-K1 112.44(17) 
C28-C27-Ce1 133.2(8) O1'-C53'-C54' 108.6 
N5-C27-Ce1 54.7(5) O2'-C54'-C53' 109 
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C27-C28-C29 119.6(13) O2'-C55'-C56' 111.8 
C30-C29-C28 120.0(16) O3'-C56'-C55' 109 
C30-C29-C50 124.3(17) O3'-C57'-C58' 110 
C28C29-C50 115.6(15) O4'-C58'-C57' 108.5 
C29-C30-C31 122.2(17) O4'-C59'-C60' 110.6 
C29-C30-C49 121.5(19) O5'-C60'-C59' 108.6 
C31-C30-C49 116.2(18) O5'-C61'-C62' 110.4 
C30-31-C32 118.8(13) O6'-C62'-C61' 106.9 
C27-C32-N6 116.7(10) O6'-C63'-C64' 110.4 
C27-C32-C31 117.8(11) O1'-C64'-C63' 108.5 
N6-C32-C31 125.2(11) C65-O7-C67 123(2) 
C27-C32-Ce1 77.8(7) C65-O7-K1 98.9(16) 
N6-C32-Ce1 54.5(6) C67-O7-K1 133.7(16) 
C31-C32-Ce1 134.4(8) C66-O8-C68 115(2) 
N6-C33-C34 122.6(13) C66-O8-K1 115.2(17) 
N6-C33-C45 122.2(12) C68-O8-K1 128.5(17) 
C34-C33-C45 115.2(12) C66-C65-O7 104(3) 
C33-C34-C35 126.3(13) C65-C66-O8 114(3) 
N7-C35-C34 126.8(13)     
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Chapter 5: 
Magnetic properties of late lanthanide 
tetraazaannulides 
 
5.1 Introduction 
The observation of slow paramagnetic relaxation in discrete molecules has reset 
the theoretical lower limit of magnetic information storage to the single molecule level 
and provided new venues for investigating quantum information processing. Lanthanide 
containing single ion magnets (SIMs) are attractive for testing synthetic design principles 
for slow paramagnetic relaxation because their properties can be tuned on the basis of 
magnetic anisotropy alone.  
Here, we explored the coordination chemistry of late lanthanide complexes of the 
tetradentate, macrocyclic 6,8,15,17-tetramethyldibenzotetra-aza[14]annulene (H2tmtaa) 
ligand. Several lanthanide complexes of the tmtaa
2–
 ligand have been reported.
1-4
 The 
reported 1:2 ‘double-decker’ complexes contain an eight-coordinate lanthanide ion 
sandwiched by two dianionic tetradentate ligands and resemble the metal-ligand 
coordination present in the D4d symmetric complexes, [Ln(Pc)2]
–
,
 
Pc
2–
 = 
phthalocyanine.
5,6
 With this family of compounds in hand, we explored their magnetic 
behavior, and determined that several of the compounds display slow paramagnetic 
relaxation in the presence of a small external magnetic field. 
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 Although axial symmetry was once understood to be a requirement for SIM 
behavior, recent reports of low symmetry and “pseudo-high symmetry” complexes have 
demonstrated otherwise.
7-12
 Lanthanide SIMs with non-Ising axial symmetries undergo 
both thermal and non-thermal relaxation processes.
10
 In general, the presence of 
transverse anisotropy reduces the effective barrier heights and coercivities for SIMs by 
promoting relaxation through non-thermal pathways.
13,14,15
 Because there is not a well 
understood relationship between lanthanide ligand field splittings, transverse 
anisotropies, and effective relaxation barriers in lanthanide SIMs, there is a clear need to 
study relaxation dynamics in families of related compounds. 
As shown in the final portion of this chapter, we used EPR spectroscopy and AC 
susceptometry to further characterize the dysprosium(III) containing members of the 
series in order to understand the effects of symmetry on their magnetic relaxation. The 
characterization of these D2d and C2v symmetric tmtaa
2–
 dysprosium(III) complexes 
showed that the dysprosium(III) ions were highly anisotropic but non-Ising and that the 
complexes exhibited secondary relaxation processes. Comparison to the D4d symmetric 
[Dy(Pc)2]
–
 demonstrated that the magnitude of Ueff decreased systematically as the 
symmetry at the metal ion was lowered. 
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5.2 Results and discussion 
5.2.1 Synthesis 
Deprotonation of H2tmtaa using KH resulted in isolation of the dipotassium salt, 
K2tmtaa. Reaction of 2 equiv K2tmtaa with 1 equiv LnCl3 resulted in elimination of 3 
equiv KCl to form the sandwich complexes [Ln(tmtaa)2]
–
, charge balanced with a 
potassium ion. Depending on the reaction conditions employed in this synthesis, products 
with varying solvation were obtained. Reacting K2tmtaa with LnCl3 in the absence of 
coordinating solvents resulted in formation of the coordination polymer, {K[Ln(tmtaa)2}∞ 
(5.1, Ln = Dy). Performing this metathesis reaction using THF as a solvent, the product 
included two THF molecules bound to the potassium cation, yielding compounds with 
the formula K(THF)2[Ln(tmtaa)2] (5.2, Ln = Tb). Scheme 5.2.1 shows the synthesis of 
[K(DME)2][Ln(tmtaa)2] (5.3, Ln = Tb, Dy, Ho, Er, Y) from reaction of K2tmtaa with 
LnCl3 in DME. Recrystallization from DME provided the orange crystalline products in 
moderate yields. Reaction of 5.3 with 18-crown-6 in a mixture of DME and toluene 
induced immediate crystallization of sparingly soluble [K(DME)(18-crown-
6)][Ln(tmtaa)2] (5.4, Ln = Tb, Dy, Ho, Er), which were isolated in yields of 64–80%. 
Complexes described by these formulae, [K(DME)2][Ln(tmtaa)2], [K(DME)(18-crown-
6)][Ln(tmtaa)2], {K[Ln(tmtaa)2}∞, and K(THF)2[Ln(tmtaa)2], were isolated and analyzed 
crystallographically. Compounds 5.3 and 5.4 were isolated in bulk quantities for further 
analysis. 
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Scheme 5.2.1. Syntheses of compounds 5.3 and 5.4. Adapted with permission from 
Chemical Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
 
5.2.2 X-ray crystallographic analysis 
Several lanthanide-containing sandwich complexes of the tmtaa
2–
 ligand were 
analyzed crystallographically in order to evaluate the effects of ligand coordination on the 
geometry of the resulting complexes. Thermal ellipsoid plots of the crystallographically 
determined structures are shown in Figures 5.2.1–5.2.5. Each structure revealed a central 
lanthanide(III) cation coordinated by two tmtaa
2–
 ligands, which adopted their typical 
saddle conformation.
4,16
 
The crystallographically determined structure of 5.1-Dy is shown in Figure 5.2.1. 
The complex crystallized in the orthorhombic Cmc21 space group and contained half of 
the molecule in its asymmetric unit. Two equiv of tmtaa
2–
 coordinated around the 
dysprosium(III) ion, forming a sandwich structure. The potassium ion was nested in the 
ring of four nitrogen atoms of one tmtaa
2–
 ligand. The interaction between the potassium 
cation and one of the tmtaa
2–
 ligands increased the corresponding Dy–N distances by 
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~0.04 Å. As a result of the C2 symmetry present in the tmtaa
2–
 ligand and the unequal 
distances between the dysprosium ion and the nitrogen atoms in each of the tmtaa
2–
 
ligands, the complex displayed C2v symmetry. The packing diagram of 5.1-Dy along the 
crystallographic c-axis showed that the complex existed as a coordination polymer 
through short contacts of 3.1192(19) Å from the potassium ion in one molecular unit to 
the N(4) nitrogen atoms in the adjoining unit (Figure 5.2.1). 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.1. 30% probability thermal ellipsoid plot of the asymmetric unit in 5.1-Dy 
(left). Relevant bond distances: Dy(1)–N(1): 2.4795(16) Å; Dy(1)–N(2): 2.4684(19) Å; 
Dy(1)–N(3): 2.4341(15) Å; Dy(1)–N(4): 2.4362(19) Å. 30% probability thermal ellipsoid 
plot of 5.1-Dy showing crystal packing along the c-axis (right). Intermolecular distance 
K(1)–N(4): 3.1192(19) Å. Hydrogen atoms have been removed for clarity in both 
renderings. 
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Complex 5.2-Tb was crystallized from concentrated THF at –30 oC, and the 
crystallographically determined structure is shown in Figure 5.2.2. This complex 
crystallized in the monoclinic C2/c space group. In this complex, the potassium ion was 
again nested in the ring of four nitrogen atoms of one tmtaa
2–
 ligand, increasing the 
corresponding Tb–N bond distances by ~0.08 Å. This asymmetry of the distances 
between the terbium cation and the nitrogen atoms each of the tmtaa
2–
 ligands led to 
approximate C2v symmetry. As shown in Figure 5.2.2, the potassium ion was coordinated 
to two molecules of THF, which served to saturate its coordination, leading to isolated 
molecular units in the crystal structure of this complex, absent the intermolecular 
interactions observed in 5.1-Dy. 
 
Figure 5.2.2. 30% probability thermal ellipsoid plot of 5.2-Tb. Hydrogen atoms have 
been removed for clarity. Relevant bond distances: Tb(1)–N(1): 2.521(3) Å; Tb(1)–N(2): 
2.496(3) Å; Tb(1)–N(3): 2.429(3) Å; Tb(1)–N(4): 2.427(3) Å. 
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 The X-ray crystal structure of one molecule in the asymmetric unit of compound 
5.3-Dy is shown in Figure 5.2.3. Compound 5.3-Dy crystallized in the monoclinic P2/c 
space group. As in the structure of K(THF)2[Tb(tmtaa)2], the potassium ion in the crystal 
structure of 5.3-Dy was solvated, leading to isolated molecular units in the crystal lattice. 
In this compound, each potassium ion interacted with the four nitrogen atoms of one of 
the tmtaa
2–
 ligands as well as two molecules of DME. These interactions increased the 
corresponding Dy–N bond distances by ~0.04 Å, leading to C2v molecular symmetry. 
 
Figure 5.2.3. 30% probability thermal ellipsoid plot of one molecule in the asymmetric 
unit of 5.3-Dy. Hydrogen atoms have been removed for clarity. Relevant bond distances: 
Dy(1)–N(1): 2.507(5) Å; Dy(1)–N(2): 2.484(4) Å; Dy(1)–N(3): 2.482(5) Å; Dy(1)–N(4): 
2.461(5) Å; Dy(1)–N(5): 2.445(5) Å; Dy(1)–N(6): 2.424(5) Å; Dy(1)–N(7) Å: 2.442(5); 
Dy(1)–N(8): 2.450(4) Å. Adapted with permission from Chemical 
Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
 
 Compounds 5.4-Tb and 5.4-Dy crystallized in the monoclinic P21/n and P21/m 
space groups, respectively. The compounds were isostructural, but not isomorphous. The 
X-ray crystal structure of compound 5.4-Tb showed eight distinct Tb–N bond distances, 
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whereas the crystal structure of compound 5.3-Dy showed four independent Dy–N bond 
distances related to four other Dy–N distances by crystallographically imposed symmetry 
(Figures 5.2.4 and 5.2.5).  The X-ray crystal structures of compounds 5.4-Tb and 5.4-Dy 
showed that inclusion of 18-crown-6 in the lattice caused the potassium cation to 
dissociate from the [Ln(tmtaa)2]
–
 moiety. In this case, the potassium cation was  
coordinated by the 18-crown-6 molecule and one molecule of DME. The crystal 
structures of the [Ln(tmtaa)2]
–
 fragment of 5.4-Tb and 5.4-Dy exhibited equivalent bond  
distances between the lanthanide(III) ion and each of the tmtaa
2–
 ligands, resulting in 
approximate D2d symmetry of the complexes.  
 
Figure 5.2.4. 30% probability thermal ellipsoid plot of 5.4-Tb. Hydrogen atoms have 
been removed for clarity Relevant bond distances: Tb(1)–N(1): 2.4663(14) Å; Tb(1)–
N(2): 2.4709(14) Å; Tb(1)–N(3): 2.4557(13) Å; Tb(1)–N(4): 2.4565(13) Å; Tb(1)–N(5): 
2.4658(13) Å; Tb(1)–N(6): 2.4602(13) Å; Tb(1)–N(7): 2.4623(13) Å; Tb(1)–N(8): 
2.4593(13) Å.  
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Figure 5.2.5. 30% probability thermal ellipsoid plot of 5.4-Dy. Hydrogen atoms have 
been removed for clarity. Relevant bond distances: Dy(1)–N(1): 2.4503(11) Å; Dy(1)–
N(2): 2.4534(12) Å; Dy(1)–N(3): 2.4581(12) Å; Dy(1)–N(4): 2.4423(12) Å. Adapted 
with permission from Chemical Communications 2012, 48, 5593. Copyright 2012, Royal 
Society of Chemistry. 
 
Table 5.2.1 summarizes the Ln–N bond distances present in 5.1-Dy, 5.2-Tb, 5.3-
Dy, 5.4-Tb, and 5.4-Dy. The molecular symmetries that resulted from modulation of Dy–
N bond distances by the effects of cation interactions, solvation, and crown ether 
coordination are also tabulated.  
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Table 5.2.1. Crystallographically determined Ln–N bond distances and symmetries of 
complexes 5.1-Dy, 5.2-Tb, 5.3-Dy, 5.4-Tb, and 5.4-Dy. 
Compound Ln–N (Å) Average Ln–N (Å) Symmetry 
5.1-Dy 
Dy(1)–N(1): 2.4795(16) 
Dy(1)–N(2): 2.4684(19) 
2.4739(18) 
C2v 
Dy(1)–N(3): 2.4341(15) 
Dy(1)–N(4): 2.4362(19) 
2.4351(17) 
5.2-Tb 
Tb(1)–N(1): 2.521(3) 
Tb(1)–N(2): 2.496(3) 
2.509(3) 
C2v 
Tb(1)–N(3): 2.429(3) 
Tb(1)–N(4): 2.427(3) 
2.428(3) 
5.3-Dy 
Dy(1)–N(1): 2.507(5) 
Dy(1)–N(2): 2.484(4) 
Dy(1)–N(3): 2.482(5) 
Dy(1)–N(4): 2.461(5) 
2.484(5) 
C2v 
Dy(1)–N(5): 2.445(5) 
Dy(1)–N(6): 2.424(5) 
Dy(1)–N(7): 2.442(5) 
Dy(1)–N(8): 2.450(4) 
2.440(5) 
Dy(1)′–N(1)′: 2.486(4) 
2.478(5) 
C2v 
Dy(1)′–N(2)′: 2.473(4) 
Dy(1)′–N(3)′: 2.485(5) 
Dy(1)′–N(4)′: 2.467(5) 
Dy(1)′–N(5)′: 2.448(5) 
2.439(5) 
Dy(1)′–N(6)′: 2.429(5) 
Dy(1)′–N(7)′: 2.438(5) 
Dy(1)′–N(8)′: 2.440(5) 
5.4-Tb 
Tb(1)–N(1): 2.4663(14) 
Tb(1)–N(2): 2.4709(14) 
Tb(1)–N(3): 2.4557(13) 
Tb(1)–N(4): 2.4565(13) 
2.4624(13) 
D2d 
Tb(1)–N(5): 2.4658(13) 
Tb(1)–N(6): 2.4602(13) 
Tb(1)–N(7): 2.4623(13) 
Tb(1)–N(8): 2.4593(13) 
2.4619(13) 
5.4-Dy 
Dy(1)–N(1): 2.4503(11) 
Dy(1)–N(2): 2.4534(12) 
2.4518(12) 
D2d 
Dy(1)–N(3): 2.4581(12) 
Dy(1)–N(4): 2.4423(12) 
2.4502(12) 
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5.2.3 Magnetic characterization 
 The temperature and field dependent magnetic behavior of compounds 5.3 and 
5.4 were evaluated using static magnetic susceptibility measurements. The field 
dependent magnetic susceptibilities, measured at 2 K and shown in the insets of Figure 
5.2.6, showed magnetic saturation at high applied magnetic fields for all of the 
compounds analyzed.  The temperature dependent magnetic behavior was analyzed on 
the basis of the Curie Law. Based on the ground state term symbols for the pertinent ions, 
expectations for the room temperature magnetic responses were determined. The ground 
state term symbols for terbium(III), dysprosium(III), holmium(III), and erbium(III) are 
7
F6, 
6
H15/2, 
5
I8, and 
4
I15/2, respectively. Using the Curie equation (Equation 5.2.1) and the 
equation for the Landé g-factor (Equation 5.2.2) expected room temperature χT values 
were calculated as 11.81, 14.18, 14.07, and 11.48 emu K mol
-1
 for terbium(III), 
dysprosium(III), holmium(III), and erbium(III), respectively.
17
 
     
  
 
   
   
          Equation 5.2.1 
    
                     
       
   Equation 5.2.2 
 As shown in Figure 5.2.6 and tabulated in Table 5.2.2, all of the compounds 
analyzed showed room temperature moments that were slightly less than the calculated 
Curie values for the free ions. Deviations from the free ion Curie values resulted from 
crystal field splitting, which removed the degeneracy of the free ions ground state 
terms.
18,19
 The decrease in χT observed at low temperatures for all of the compounds 
corresponded to depopulation of crystal field sublevels.
20
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Figure 5.2.6. Static temperature and field dependent magnetic data collected using the 
MPMS for 5.3-Tb and 5.4-Tb (top left), 5.3-Dy and 5.4-Dy (top right), and the PPMS 
5.3-Ho and 5.4-Ho (bottom left), and 5.3-Er and 5.4-Er (bottom right). Temperature 
dependent data was collected in the presence of a H = 1000 Oe external field. Field 
dependent data (shown in insets) was collected at 2 K. Noise in the temperature 
dependent data collected above ~20 K for 5.3-Ho, 5.4-Ho, 5.3-Er, and 5.4-Er resulted 
from the lower sensitivity of the PPMS compared to the MPMS. Lines represent guides 
for the eye. Adapted with permission from Chemical Communications 2012, 48, 5593. 
Copyright 2012, Royal Society of Chemistry. 
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Table 5.2.2. Expectations for the room temperature χT products based on the Curie Law 
for the ground state free ion term symbols and χT products measured at 300 K. 
Compound C (emu K/mol) χT (300 K) (emu K/mol) 
5.3-Tb 11.81 11.68 
5.4-Tb 11.81 9.67 
5.3-Dy 14.18 13.89 
5.4-Dy 14.18 12.08 
5.3-Ho 14.07 10.98 
5.4-Ho 14.07 12.66 
5.3-Er 11.48 12.19 
5.4-Er 11.48 9.46 
 
AC magnetic susceptibility measurements were performed on compounds 5.3 and 
5.4 in order to evaluate whether appreciable energetic barriers to paramagnetic relaxation 
were operative in these compounds. Data were collected in the presence of an H = 0 Oe 
and an H = 100 Oe external fields using an H = 3 Oe driving field. The in-phase (χm')  
and out-of-phase (χm'') components of the measured magnetic susceptibility are shown in 
Figures 5.2.7–5.2.14. 
 The χm'' signals measured for compounds 5.3-Tb, 5.3-Dy, 5.3-Ho, and 5.3-Er in 
the presence of an H = 0 Oe external field showed signals with small frequency 
dependences. Application of an H = 100 Oe external field did not affect the measured χm'' 
signals for 5.3-Ho. However, increased magnitudes in the χm'' signals of 5.3-Tb, 5.3-Dy, 
and 5.3-Er were observed in the presence of the applied field. In the case of 5.3-Dy and 
5.3-Er, the application of the H = 100 Oe external field resulted in resolution of 
frequency dependent maxima in the out-of-phase susceptibility plots. Arrhenius kinetics 
were determined for the data using the linear form of the equation (Equation 5.2.3).
21
 
         
    
  
 
 
 
      
 
  
   Equation 5.2.3 
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From the linear regression fits shown in Figures 5.2.8 and 5.2.10, values of Ueff/kB were 
determined to be 24.2 K for 5.3-Dy and 19.7 K for 5.3-Er and values of τ0 were 
calculated as 1.28 × 10
-7
 for 5.3-Dy and 4.00 × 10
-7
 for 5.3-Er. The values for τ0 are 
consistent with reported single molecule magnets.
22
 
 Similarly, the χm'' signals measured for compounds 5.4-Tb, 5.4-Dy, 5.4-Ho, and 
5.4-Er in the presence of an H = 0 Oe external field showed small frequency 
dependences with increased responses at high frequencies and very low temperatures. In 
the case of 5.4-Dy, poorly defined peak maxima were observed in χm'' under these 
conditions. As was the case for 5.3-Ho, application of an H = 100 Oe external field did 
not affect the measured χm'' signals for 5.4-Ho. However, increased magnitudes in the χm'' 
signals of 5.4-Tb, 5.4-Dy, and 5.4-Er were observed in the presence of the applied field. 
In the case of 5.4-Er, the application of an H = 100 Oe external field resulted in maxima 
in the χm'' signals. However this data did not allow for application of the Arrhenius 
function needed to quantify the observed field induced slow paramagnetic relaxation. 
Compounds 5.4-Tb and 5.4-Dy showed well defined frequency dependent maxima in the 
χm'' signals collected in the presence of an H = 100 Oe external field. Application of 
Arrhenius kinetics through linear regression shown in Figures 5.2.12 and 5.2.13 resulted 
in calculated values of Ueff/kB of 33.9 K for 5.4-Tb and 32.2 K for 5.4-Dy and values of τ0 
of 1.46 × 10
-6
 for 5.4-Tb and 1.13 × 10
-7
 for 5.4-Dy.  
The Ueff/kB and τ0 parameters for the compounds that showed quantifiable slow 
paramagnetic relaxation, 5.3-Dy, 5.3-Er, 5.4-Tb, and 5.4-Dy, are tabulated in Table 
5.2.3.  The barriers to paramagnetic relaxation measured for 5.3-Dy, 5.3-Er, 5.4-Tb, and 
5.4-Dy are within range of the preponderance of single ion magnets that have been 
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reported.
23
 A few exceptions that show dramatically higher relaxation barriers include 
terbium(III) complexes of phthalocyanine and substituted phthalocyanines (> 331 
K),
5,23,24
 recently reported erbium organometallic complexes (102 and 332 K),
8,25
 and a 
recently reported erbium amide complex (122 K).
26
 The highest reported relaxation 
barrier for a dysprosium(III) based SIM is 332 K, for a complex containing a nitrate, 
salicylaldehyde ligand field.
27
  
 
Table 5.2.3. Experimentally determined energy barriers to paramagnetic relaxation 
(Ueff/kB) and relaxation attempt frequencies (τ0) describing the paramagnetic relaxation of 
5.3-Dy, 5.3-Er, 5.4-Tb, and 5.4-Dy measured in the presence of an H = 100 Oe external 
magnetic field. 
Compound Ueff/kB (K) τ0 (s
-1
) 
5.3-Dy 24.2 1.28 × 10
-7
 
5.3-Er 19.7 4.00 × 10
-7
 
5.4-Tb 33.9 1.46 × 10
-6
 
5.4-Dy 32.2 1.13 × 10
-7
 
  
 An interesting comparison is made by comparing the complexes measured in this 
study with those characterized in the phthalocyanine ligand field. The high axial 
symmetry of the phthalocyanine ligand led to SIM behavior in complexes containing 
terbium(III) and dysprosium(III) ions. In contrast, the lowered symmetry of the 
complexes isolated in the tmtaa
2–
 ligand field resulted in measurable barriers to slow 
paramagnetic relaxation for the D2d symmetric terbium(III) complex, the  D2d and C2v 
symmetric dysprosium(III) complexes, and the C2v symmetric erbium(III) complex. Thus,  
bis(tmtaa
2–
) ligand coordination promoted barriers to paramagnetic relaxation for 
complexes containing both prolate and oblate lanthanide(III) ions.  
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Figure 5.2.7. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.3-Tb measured at H = 0 Oe (top) and H = 100 Oe (bottom). 
Lines represent guides for the eye. 
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Figure 5.2.8. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.3-Dy measured at H = 0 Oe (top) and H = 100 Oe (middle). 
Lines represent guides for the eye. Arrhenius plot constructed using the out-of-phase data 
measured at H = 100 Oe (bottom). Adapted with permission from Chemical 
Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
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Figure 5.2.9. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.3-Ho measured at H = 0 Oe (top) and H = 100 Oe (bottom). 
Lines represent guides for the eye.   
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Figure 5.2.10. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.3-Er measured at H = 0 Oe (top) and H = 100 Oe (middle). 
Lines represent guides for the eye. Arrhenius plot constructed using the out-of-phase data 
measured at H = 100 Oe (bottom).  
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Figure 5.2.11. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.4-Tb measured at H = 0 Oe (top) and H = 100 Oe (middle). 
Lines represent guides for the eye. Arrhenius plot constructed using the out-of-phase data 
measured at H = 100 Oe (bottom).  
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Figure 5.2.12. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.4-Dy measured at H = 0 Oe (top) and H = 100 Oe (middle). 
Lines represent guides for the eye. Arrhenius plot constructed using the out-of-phase data 
measured at H = 100 Oe (bottom). Adapted with permission from Chemical 
Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
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Figure 5.2.13. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.4-Ho measured at H = 0 Oe (top) and H = 100 Oe (bottom). 
Lines represent guides for the eye. 
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Figure 5.2.14. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.4-Er measured at H = 0 Oe (top) and H = 100 Oe (bottom). 
Lines represent guides for the eye. 
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5.2.4 Solid state dilutions 
 Considering that both dysprosium(III) containing compounds, 5.3-Dy and 5.4-Dy, 
showed quantifiable slow paramagnetic relaxation, these compounds were further 
explored in solid state dilution experiments. Solid state dilution of 5.3-Dy was obtained 
by co-crystallization from a solution of 95 mole % 5.3-Y and 5 mole % 5.3-Dy from 
DME, yielding [K(DME)2][Y(tmtaa)2]0.95[Dy(tmtaa)2]0.05 (5.3-Y,Dy). Reaction of 5.3-
Y,Dy with 18-crown-6 induced crystallization of [K(DME)(18-crown-
6)][Y(tmtaa)2]0.95[Dy(tmtaa)2]0.05 (5.4-Y,Dy).  
 
Scheme 5.2.2. Syntheses of 5.3-Y,Dy and 5.4-Y,Dy. 
 
The dopant level of 5.3-Y,Dy and 5.4-Y,Dy were verified empirically to be 5.2% 
and 4.0%, respectively, by comparison of the χm' signals at 2 K, 250 Hz, 0 Oe to the χm' 
signals of 5.3-Dy or 5.4-Dy under the same experimental conditions (Figure 5.2.15 and 
Table 5.2.4).
12 
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Figure 5.2.15. In phase magnetic susceptibility comparing the low temperature magnetic 
responses of 5.3-Dy and 5.3-Y,Dy (left) and 5.4-Dy and 5.4-Y,Dy (right) measured at 
250 Hz with an H = 0 Oe applied external field. Lines represent guides for the eye. 
 
 
Table 5.2.4. In phase magnetic susceptibilities measured at 2 K, 250 Hz with an H = 0 
Oe applied external field. 
Compound χ' (emu/mol) χ'dilution/ χ'concentrated 
5.3-Dy 13.05 
5.20% 
5.3-Y,Dy 0.679 
5.4-Dy 9.96 
4.04% 
5.4-Y,Dy 0.402 
 
Dipolar interactions between ions in the magnetically concentrated samples are 
known to reduce SIM effective barrier heights.
28-30
 Therefore, in order to mitigate the 
effects of spin-spin relaxation, AC susceptibility measurements were performed on the 
paramagnetically dilute complexes 5.3-Y,Dy and 5.4-Y,Dy. Poorly resolved maxima 
were observed in the χm'' signals in the presence of an H = 0 Oe applied external field. 
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Application of an H = 100 Oe external field shifted and resolved the signals for 5.3-Y,Dy 
and 5.4-Y,Dy up to 7 K (Figures 5.2.16 and 5.2.17). Arrhenius fits applied to the data 
(Figures 5.2.16 and 5.2.17) were used to extract Ueff/kB and τ0 values for 5.3-Y,Dy and 
5.4-Y,Dy. For 5.3-Y,Dy, Ueff/kB = 28.1 K and τ0 = 7.66  10
–8
 s. For 5.4-Y,Dy, Ueff/kB = 
34.2 K and τ0 = 6.32  10
–8
 s.  
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Figure 5.2.16. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.3-Y,Dy measured at H = 0 Oe (top) and H = 100 Oe 
(middle). Lines represent guides for the eye. Arrhenius plot constructed using the out-of-
phase data measured at H = 100 Oe (bottom). Adapted with permission from Chemical 
Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
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Figure 5.2.17. In-phase (left) and out-of-phase (right) components of the measured 
magnetic susceptibility of 5.4-Y,Dy measured at H = 0 Oe (top) and H = 100 Oe 
(middle). Lines represent guides for the eye. Arrhenius plot constructed using the out-of-
phase data measured at H = 100 Oe (bottom). Adapted with permission from Chemical 
Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
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As expected, the barriers to paramagnetic relaxation in compounds 5.3-Y,Dy and 
5.4-Y,Dy were increased compared to the barriers measured in compounds 5.3-Dy and 
5.4-Dy as a result of magnetic dilution. The effect of magnetic dilution on Ueff/kB in 
systems with reported barriers for corresponding concentrated and diluted lanthanide 
SIMs are shown in Table 5.2.5. In all cases, increased barriers are observed upon dilution 
as a result of decreased spin-spin relaxation. 
 
Table 5.2.5. Reported barrier heights for corresponding concentrated and diluted 
lanthanide SIMs. (a) Ueff/kB values were measured under an H = 0 Oe applied field except 
where parenthetically indicated. 
Compound Ueff/kB (K) (HDC/Oe)
a 
Reference 
[Dy(TTA)3(2,2'-bipy)] 40 31 
[Dy0.05Y0.95(TTA)3(2,2'-bipy)]   67 31 
[Dy(TTA)3(1,10-phen)] 59 31 
[Dy0.05Y0.95(TTA)3(1,10-phen)] 75 31 
Dy(Bc
Me
)3 47.2 (1500) 32 
12% Dy(Bc
Me
)3 48.3 (1500) 32 
Tb(Bc
Me
)3 64.5 (1500) 32 
11% Tb(Bc
Me
)3 65.0 (1500) 32 
5.3-Dy 24.2 (100) This work 
5.3-Y,Dy 28.1 (100) This work 
5.4-Dy 32.2 (100) This work 
5.4-Y,Dy 34.2 (100) This work 
TTA = 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionate; Bc
Me
 = 
dihydrobis(methylimidazolyl)borate. 
 
  As shown in Table 5.2.6, the barriers measured in compounds 5.3-Y,Dy and 5.4-
Y,Dy were reduced systematically compared to the D4d [Dy(Pc)2]
–
 complex diluted in an 
isostructural yttrium host matrix (Ueff/kB = 40.4 K).
5
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Table 5.2.6. Experimentally determined energy barriers to paramagnetic relaxation 
(Ueff/kB) and relaxation attempt frequencies (τ0) comparing the paramagnetic relaxation of 
5.3-Y,Dy and 5.4-Y,Dy measured in the presence of an H = 100 Oe external magnetic 
field to the parameters measured for [
n
Bu4N][Dy0.2Y0.8Pc2]. (a) Data for 
[
n
Bu4N][Dy0.2Y0.8Pc2] is detailed in reference 5. (b) Ueff/kB values were measured under 
an H = 0 Oe applied field except where parenthetically indicated. 
Compound Ueff/kB (K) (HDC/Oe)
b
 τ0 (s
-1
) 
5.3-Y,Dy 28.1 (100) 7.66 × 10
-8
 
5.4-Y,Dy 34.2 (100) 6.32 × 10
-8
 
[
n
Bu4N][Dy0.2Y0.8Pc2]
a 
40.4  1.6 × 10
-5
 
 
5.2.5 EPR characterization of Dy-containing compounds 
 X-band EPR data, rarely reported for dysprosium(III) SIMs,
14
 were collected on 
powdered samples of 5.3-Dy, 5.3-Y,Dy, 5.4-Dy, and 5.4-Y,Dy in order to evaluate the 
magnetoanisotropy present in the compounds. The Russell-Saunders ground state for a 
dysprosium(III) ion is J = 
15
/2, and EPR data for dysprosium(III) ions are often treated 
using an effective spin formalism, Seff = 
1
/2, for the lowest energy crystal field 
doublet.
33,34
 The EPR spectrum of [Dy(Pc)2]
–
  is unreported. However, the lowest energy 
doublet for [Dy(Pc)2]
–
  is |MJ =  
13
/2 with g values of g = 0 and g|| = 17
 1
/3 dictated by 
an Ising spin model.
35
 As expected, the EPR spectra of compounds 5.3-Dy, 5.3-Y,Dy, 
5.4-Dy, and 5.4-Y,Dy showed strongly anisotropic signals at 5 K (Figure 5.2.18). The g 
and g|| values estimated from these spectra are compared in Table 5.2.7. Compounds 5.3-
Dy and 5.4-Dy showed two broad, primary features centered at g = 1.36, and g|| = 15.48 
for 5.3-Dy and g = 1.25 and g|| = 15.15 for 5.4-Dy. The non-zero values of g
 
showed 
that these compounds were non-Ising.
10
 The spectra for the diluted complexes 5.3-Y,Dy 
and 5.4-Y,Dy were more complex and better resolved than those for 5.3-Dy and 5.4-Dy. 
Primary features were observed at g = 1.41 and g|| = 15.18 for 5.3-Y,Dy and g = 1.26 
and g|| = 15.45 for 5.4-Y,Dy. More precise interpretation of the data was impeded by 
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signals arising from oriented crystallites within the powder sample.
36,37
 The g|| values 
observed for 5.3-Dy, 5.3-Y,Dy, 5.4-Dy, and 5.4-Y,Dy supported assignment of the lowest 
doublet as |MJ =  
13
/2 with transverse mixing producing g values > 0. While the 
possibility of a rhombic signal for 5.3-Y,Dy and 5.4-Y,Dy could not be excluded, the 
non-Ising character of the dysprosium(III) ions in 5.3-Y,Dy and 5.4-Y,Dy was evident 
from these data. Comparing X-band data for compounds 5.3-Dy and 5.4-Dy with their 
solid state dilutions, 5.3-Y,Dy and 5.4-Y,Dy respectively, showed signal broadening due 
to spin-spin relaxation in 5.3-Dy and 5.4-Dy. It is notable that the spin-spin relaxation for 
this system was pronounced,
28,30
 given that the nearest Dy–Dy distances in the lattices of 
5.3-Dy and 5.4-Dy were ~11.3 Å and ~11.6 Å, respectively.  
 
Figure 5.2.18. Normalized powder X-band EPR spectra of 5.3-Dy (a), 5.3-Y,Dy (b), 5.4-
Dy (c), and 5.4-Y,Dy (d) collected at 5 K. Power: 1 mW; modulation amplitude: 20 G; 
modulation frequency: 100 kHz. Adapted with permission from Chemical 
Communications 2012, 48, 5593. Copyright 2012, Royal Society of Chemistry. 
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Table 5.2.7. The g and g|| values estimated from the X-band EPR spectra of 5.3-Dy, 5.3-
Y,Dy, 5.4-Dy, and 5.4-Y,Dy. 
Compound g┴  g||  
5.3-Dy 1.36 15.48 
5.3-Y,Dy 1.41 15.18 
5.4-Dy 1.25 15.15 
5.4-Y,Dy 1.26 15.45 
 
 A recent evaluation of a number of mononuclear dysprosium(III) SIMs included 
computational analysis of 5.3-Dy and 5.4-Dy at the CASSCF+RASSI level.
38
 The 
orientations of the calculated magnetic vectors are shown in Figure 5.2.19. Satisfyingly, 
in both complexes, the magnetization vectors were directed along the C2 axes of 
symmetry.  
 
Figure 5.2.19. Magnetic vectors for 5.3-Dy (left) and 5.4-Dy (right), calculated at the 
CASSCF+RASSI level by Aravena and co-workers.
38
 Adapted with permission from 
Inorganic Chemistry 2013, 52, 13770. Copyright 2013, American Chemical Society. 
 
As a part of this computational work by Aravena and co-workers, the thermal 
barriers to magnetic relaxation and gx, gy, and gz values were calculated.
38
 The 
experimentally measured and calculated values for these parameters are shown in Table 
5.2.7. The calculated g values for both complexes demonstrated the experimentally 
observed anisotropy of the compounds (g|| >> g), and verified that the signal was in fact 
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rhombic (gz >> gx ≠ gy). The values of Ueff/kB calculated by Aravena and co-workers were 
dramatically larger than the experimentally determined values. This observation, in 
combination with the computationally and experimentally observed significant gx and gy 
parameters, provided evidence that non-thermal mechanisms for fast paramagnetic 
relaxation were operative and were molecular in origin. This assertion is consistent with 
the observation of secondary low temperature features in the out-of-phase magnetic 
susceptibility data of 5.3-Y,Dy and 5.4-Y,Dy shown in Figures 5.2.16 and 5.2.17.
29,39
 The 
secondary relaxation processes undermined the blocking and hysteresis of these 
compounds and reduced Ueff/kB. In contrast, calculations of the electronic state energies 
for [Dy(Pc)2]
–
 showed Ising magnetoanisotropy and an effective barrier height that was 
largely consistent with the difference between the ground and first excited states.
6,40
 
 
Table 5.2.8. Experimental
a
 and calculated
b
 Ueff/kB and g-values for compounds 5.3-Y,Dy 
and 5.4-Y,Dy. Calculated values were computed at the CASSCF+RASSI level by 
Aravena and co-workers.
38
 
Compound Ueff/kB
a
 (K) Ueff/kB
b
 (K) g┴
a
 gx
b
 gy
b
 g||
a
 gz
b
 
5.3-Y,Dy 28.1 108.4 1.41 0.488 0.571 15.18 16.853 
5.4-Y,Dy 34.2 111.2 1.26 0.625 0.662 15.45 16.086 
 
 
5.3 Summary 
 We synthesized and structurally characterized late lanthanide coordination 
complexes of the tmtaa
2–
 ligand. The molecular symmetries of these 1:2 ‘double-decker 
complexes’ were modulated between C2v and D2d symmetry by non-covalent interactions 
including cation interactions, solvation, and crown ether coordination. We explored the 
magnetic behavior of a family of these complexes and determined that several of the 
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compounds displayed slow paramagnetic relaxation in the presence of a small external 
magnetic field. In contrast to phthalocyanine based SIMs in which the high axial 
symmetry of the phthalocyanine ligand promoted slow paramagnetic relaxation in 
complexes containing terbium(III) and dysprosium(III) ions, the reduced symmetry of the 
complexes isolated in the tmtaa
2–
 ligand field resulted in barriers to paramagnetic 
relaxation in complexes containing terbium(III), dysprosium(III), and erbium(III) ions.  
 In order to understand the effects of molecular symmetry on paramagnetic 
relaxation in SIMs, we analyzed solid state dilutions of the dysprosium(III) containing 
compounds 5.3-Dy and 5.4-Dy and contrasted their behavior with that of [Dy(Pc)2]
–
. EPR 
analysis of compounds 5.3-Dy, 5.3-Y,Dy, 5.4-Dy, and 5.4-Y,Dy showed that this 
technique is a useful tool for evaluating magnetoanisotropy of dysprosium(III) SIMs and 
for demonstrating the effects of magnetic dilution. Strong g-anisotropy was present in 
compounds 5.3-Dy, 5.3-Y,Dy, 5.4-Dy, and 5.4-Y,Dy and led to slow paramagnetic 
relaxation. While only the thermally activated magnetic relaxation was evaluated here, 
we observed evidence of non-thermal relaxation pathways. This work represents the first 
quantitative comparison of paramagnetic relaxation between SIMs containing a common 
ion, similar ligand fields, and related symmetry settings. 
 
 
 
 
 
 
294 
5.4 Experimental section 
5.4.1 General methods and materials 
Unless otherwise indicated, all reactions and manipulations were performed under 
an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu–
0226S catalyst purifier system. Glassware was oven-dried overnight at 150 °C prior to 
use. 
1
H NMR spectra were obtained on a Bruker DMX–300 Fourier transform NMR 
spectrometer at 300 MHz. EPR spectra were recorded on a Bruker Elexsys 500 
spectrometer at X-band (9.4 GHz), a microwave power of 1 mW, a modulation frequency 
of 100 kHz, and a modulation amplitude of 20 G. The temperature of the EPR 
experiments was held at 5 K using an Oxford Instrument ESR900 helium flow cryostat. 
EPR analyses were performed on solids after grinding them to fine powders. Solution 
phase EPR measurements were attempted in THF/toluene glasses, but were precluded 
due to the poor solubility of [K(DME)(18-crown-6)][Dy(tmtaa)2] (5.4-Dy) and 
[K(DME)(18-crown-6)][Dy(tmtaa)2]0.05[Y(tmtaa)2]0.95 (5.4-Y,Dy) during the preparation 
of the glasses. 
1
H NMR chemical shifts were recorded in units of parts per million 
downfield from residual proteo solvent. Elemental analyses were performed at the 
University of California, Berkeley Microanalytical Facility using a Perkin-Elmer Series II 
2400 CHNS analyzer. 
Tetrahydrofuran (THF), dimethoxyethane (DME), and toluene were purchased 
from Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried using 
a commercial two-column solvent purification system comprising two columns of neutral 
alumina. HPLC grade methanol was purchased from Fisher Scientific and used as 
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received. Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. 
and dried over potassium mirror for 16 h prior to use. Nickel(II) acetate tetrahydrate, o–
phenylenediamine, and 2,4–pentanedione were purchased from Acros Organics and used 
as received. HCl gas was purchased from Airgas, Inc. and used as received. 
Triethylamine was purchased from Fisher Scientific and used as received. Anhydrous 
terbium(III) chloride, dysprosium(III) chloride, holmium(III) chloride, erbium(III) 
chloride, and yttrium(III) chloride were purchased from Strem Chemicals, Inc. and used 
as received. 18-crown-6 was purchased from Acros Organics, recrystallized from 
acetonitrile, and dried under reduced pressure at R.T. for 24 h.  
Static magnetic data were collected using a Quantum Design Multi-Property 
Measurement System (MPMS–7) with a Reciprocating Sample Option at 0.1 T from 2–
300 K and at 2 K from 0–7 T or a Quantum Design Physical Property Measurement 
System (PPMS) at 0.1 T from 2–300 K and at 2 K from 0–9 T. Gelatin capsules or quartz 
tubes were used to hold the samples for measurement, and samples were prepared in an 
inert atmosphere (N2) drybox and massed using a calibrated and leveled Mettler-Toledo 
AL-204 analytical balance. To prepare samples for measurement in gelatin capsules, 
eicosane (Aldrich) was added to the gelatin capsule and massed to the nearest 0.1 mg. 
Next, the sample was added to the capsule and massed to the nearest 0.1 mg. The capsule 
was supported in a copper wire cable and heated until the wax melted, creating a 
suspension of the sample. Upon cooling to room temperature, the suspended samples 
became fixed in the wax. The sample and wax, contained in the closed gelatin capsules 
and enclosed in drinking straws for measurement, were transferred to the magnetometer 
under inert atmosphere and immediately loaded into the inert atmosphere of the 
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measurement chamber with three evacuation/purge cycles. To prepare samples for 
measurement in quartz tubes, quartz tubes and quartz wool were first dried at 150 
o
C for 
48 h. Quartz wool (~5 mg) was loaded into the bottom of the quartz tube and compressed 
using a quartz tamping rod. Next, the sample was added to the tube and massed to the 
nearest 0.1 mg. More quartz wool (~5 mg) was added to the tube above the sample and 
compressed using a quartz tamping rod. A gas inlet adapter was fitted to the end of the 
tube, the tube was removed from the glovebox under nitrogen, evacuated on a Schlenk 
line, and sealed under dynamic vacuum.  Corrections for the intrinsic diamagnetism of 
the samples were made using Pascal’s constants.41  
Dynamic magnetic data were collected using a Quantum Design Physical 
Property Measurement System (PPMS) equipped with a 9 Tesla magnet and an AC/DC 
Magnetometry System (ACMS) from 2–15 K at 0 Oe and 100 Oe applied DC fields and 3 
Oe AC field amplitude for frequencies of 250, 628, 1581, 3976, and 10,000 Hz. The 
external magnetic fields were set using linear mode; residual fields of ± 20 Oe may have 
been present due to trapped flux.
42
 The samples, chemically identical to those used in the 
EPR experiments, were prepared and loaded in an identical fashion to those prepared for 
the static measurements. During magnetic analysis of several compounds, out-of-phase 
magnetic susceptibility data collected at 10,000 Hz produced negative values of χm''. This 
data was treated as representative of a non-physical result,
43
 and therefore is not included 
in the data presented in Figures 5.2.7–5.2.14. 
5.4.2 Synthesis of H2tmtaa  
Tetramethyldibenzotetraaza[14]annulene (H2tmtaa) was synthesized with 
modifications to the previously reported procedures in order to eliminate trace amounts of 
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Ni(tmtaa) from the isolated H2tmtaa.
44,45
 Ni(tmtaa) was synthesized as previously 
described.
44
  9.41 g Ni(tmtaa) was suspended in ~100 mL CH3OH, and HCl gas was 
bubbled through the mixture at atmospheric pressure for ~5 minutes, producing a white 
precipitate and a dark brown supernatant. The reaction mix was chilled at –35 oC and the 
white product was collected by filtration over a Buchner funnel. The white solid was 
washed 3  25 mL cold CH3OH and dried under reduced pressure, yielding the 
hydrochloride salt: H2tmtaa∙2HCl. Yield 8.72 g, 20.89 mmol, 89%. In order to eliminate 
any trace amounts of H4tmtaa∙[NiCl4] prior to treatment of H2tmtaa∙2HCl with NEt3, a 
metathesis reaction was performed using NH4PF6. The white H2tmtaa∙2HCl isolated 
during the acidification step (6.75 g, 16.18 mmol) was dissolved in ~100 mL H2O and an 
aqueous solution of NH4PF6 (5.77 g, 35.37 mmol, 2.2 equiv) dissolved in ~50 mL H2O 
was slowly added with stirring, inducing the precipitation of a white solid 
(H4tmtaa∙2PF6). The solid H4tmtaa∙2PF6 was isolated by filtration over a Buchner funnel, 
washed with ~100 mL H2O, and dried under reduced pressure. A CH3OH slurry of the 
white solid was prepared and NEt3 was added until the solution reached a pH of 9 as 
determined using pH paper and a yellow precipitate was observed. The powder was 
isolated over a Buchner funnel, washed 3  10 mL CH3OH, and dried under dynamic 
vacuum. Yield: 3.74, 10.87 mmol, 67%. The NMR resonances observed for H2tmtaa 
were consistent with reported values.
46
 We noted in several other attempted syntheses of 
H2tmtaa that direct treatment of H2tmtaa∙2HCl with NEt3 yielded a yellow-green product 
from the presence of trace amounts of Ni(tmtaa), which is produced when 
H4tmtaa∙[NiCl4] reacts with NEt3. 
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5.4.3 Synthesis of K2tmtaa.  
In a procedure adapted from Magull et al,
1
 KH (1.05 g, 26.13 mmol) was added to 
a stirred, clear yellow solution of H2tmtaa (2.97 g, 8.63 mmol, 0.33 equiv) in ~50 mL 
THF. The solution became dark red with stirring. The reaction mixture was stirred for 16 
h. The dark red reaction mixture was filtered through a Celite-packed, coarse porosity 
fritted filter and the solvent was removed under reduced pressure to produce a red solid. 
The solid was collected, washed with hexanes and dried under reduced pressure. Yield: 
3.50 g, 8.32 mmol, 95%. 
1
H NMR (300 MHz, THF-d8) δ: 6.52 (m, 8H, Ar–H), 4.20 (s, 
2H, –CH), 1.96 (s, 12H, –CH3).  
5.4.4. Synthesis of {K[Dy(tmtaa)2}∞ (5.1-Dy) 
 Anhydrous DyCl3 (0.100 g, 0.372 mmol) was added to a stirred solution of 0.734 
mmol K2tmtaa in ~5 mL THF. The color of the resulting solution changed from red to 
orange on stirring overnight at room temperature. The reaction mixture was filtered to 
remove KCl precipitate and dried under reduced pressure. The solution was redissolved 
in THF and crystals were grown by vapor diffusion of pentane into this THF solution. A 
single crystal of this compound was characterized by single X-ray diffractometry.  
5.4.5. Synthesis of K(THF)2[Tb(tmtaa)2] (5.2-Tb) 
 Anhydrous TbCl3 (0.163 g, 0.614 mmol) was added to a stirred solution of 
K2tmtaa (0.504 g, 1.198 mmol, 2.0 equiv) in ~15 mL THF. The color of the resulting 
solution changed from red to orange on stirring overnight at room temperature. The 
reaction mixture was concentrated under reduced pressure and warmed to dissolve 
suspended solids and saturate the solution. After standing undisturbed at room 
temperature for ~1 h, the reaction mixture was filtered to remove KCl precipitate. The 
299 
filtrate solution was chilled overnight at –35 oC and the resultant orange crystalline solid 
was isolated and washed 3  5 mL toluene. Yield: 0.248 g, 0.241 mmol, 40%. A single 
crystal of this compound was characterized by single crystal X-ray diffractometry. 
5.4.6 Synthesis of [K(DME)2][Ln(tmtaa)2] (5.3, Ln = Dy, Tb, Ho, Er, Y)  
Synthesis of [K(DME)2][Dy(tmtaa)2] (5.3-Dy).  
Anhydrous DyCl3 (0.068 g, 0.25 mmol) was added to a stirred solution of K2tmtaa 
(0.21 g, 0.49 mmol, 2.0 equiv) in ~10 mL DME. The color of the resulting solution 
changed from red to orange on stirring for 16 h at room temperature. The reaction 
mixture was concentrated under reduced pressure and warmed to dissolve suspended 
solids and saturate the solution. After standing undisturbed at room temperature for ~1 h, 
the reaction mixture was filtered to remove KCl precipitate. The filtrate solution was 
chilled overnight at –35 oC and the resultant orange crystalline solid was isolated and 
washed 2  5 mL DME. In order to maintain both equivalents of coordinated solvent, the 
crystals were atmosphere-dried under N2 rather than exposed to reduced pressure. Yield: -
0.10 g, 0.095 mmol, 37%. Anal. Calcd. for KDyC52H64N8O4: C, 58.55; H, 6.05; N, 10.51. 
Found: C, 58.79; H, 6.03; N, 10.95. 
1
H NMR (300 MHz, THF-d8) δ: 68.23 (broad s), 9.89 
(broad s), –69.06 (broad s), –89.82 (broad s). Definitive 1H NMR peak assignments could 
not be made due to fast paramagnetic relaxation and broadening of the proton resonances.  
Synthesis of [K(DME)2][Tb(tmtaa)2] (5.3-Tb). 
 Following the procedure shown above for compound 5.3-Dy, 
[K(DME)2][Tb(tmtaa)2] was synthesized from 0.257 g TbCl3 (0.424 mmol) and 0.357 g 
K2tmtaa (0.849 mmol). Yield: 0.117 g, 0.110 mmol, 26%. Anal. Calcd. for 
KDyC52H64N8O4: C, 58.75; H, 6.07; N, 10.54. Found: C, 58.93; H, 5.76; N, 11.09. 
1
H 
300 
NMR (THF-d8, 300 MHz, 298 K): δ 25.50 (broad s), –61.81 (broad s). Definitive peak 
assignments could not be made due to paramagnetic relaxation. 
Synthesis of [K(DME)2][Ho(tmtaa)2] (5.3-Ho). 
 Following the procedure shown above for compound 5.3-Dy, 
[K(DME)2][Ho(tmtaa)2] was synthesized from 0.103 g HoCl3 (0.380 mmol) and 0.319 g 
K2tmtaa (0.758 mmol). Yield: 0.130 g, 0.122 mmol, 32%. 
1
H NMR data was not 
collected for this compound. 
Synthesis of [K(DME)2][Er(tmtaa)2] (5.3-Er). 
 Following the procedure shown above for compound 5.3-Dy, 
[K(DME)2][Er(tmtaa)2] was synthesized from 0.105 g ErCl3 (0.384 mmol) and 0.324 g 
K2tmtaa (0.770 mmol). Yield: 0.159 g, 0.148 mmol, 39%. 
1
H NMR (THF-d8, 300 MHz, 
298 K): δ 77.15 (very broad s), 41.43 (very broad s), 18.91 (s), 8.56 (s), –5.29 (s), –12.28 
(s), –17.09 (s). Definitive peak assignments could not be made due to paramagnetic 
relaxation. 
Synthesis of [K(DME)2][Y(tmtaa)2] (5.3-Y). 
 Following the procedure shown above for compound 5.3-Dy, 
[K(DME)2][Y(tmtaa)2] was synthesized from 0.470 g YCl3 (2.38 mmol) and 2.00 g 
K2tmtaa (4.76 mmol). Yield: 0.770 g, 0.80 mmol, 34%. Rigorous drying of the crystals 
under reduced pressure desolvated one equivalent of DME, yielding the complex of 
formula: [K(DME)][Y(tmtaa)2]. Anal. Calcd. for KYC48H54N8O2: C, 63.84; H, 6.03; N, 
12.41. Found: C, 63.55; H, 6.16; N, 12.28. 
1
H NMR (300 MHz, THF-d8): δ 6.97 (m, 8H, 
Ar–H), 6.85 (m, 8H, Ar–H), 3.98 (s, 4H, –CH), 3.49 (s, 4H, OCH2), 3.33 (s, 6H, OCH3), 
1.88 (s, 24H, –CH3). 
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5.4.7 Synthesis of [K(DME)(18-crown-6)][Ln(tmtaa)2] (5.4, Ln = Dy, Tb, Ho, Er) 
Synthesis of [K(DME)(18-crown-6)][Dy(tmtaa)2] (5.4-Dy) 
A solution of 18-crown-6 (0.008 g, 0.030 mmol) in ~1 mL toluene was added 
slowly to a solution of [K(DME)2][Dy(tmtaa)2] (0.027 g, 0.025 mmol, 0.83 equiv) in ~7 
mL DME. Upon standing at room temperature, orange crystals grew from the solution 
mixture. The mother liquor was removed by decantation and the crystals were washed 3 
 3 mL DME, then dried under reduced pressure. Yield: 0.020 g, 0.016 mmol, 64%. 
Anal. Calcd. for KDyC60H78N8O4: C, 58.07; H, 6.34; N, 9.03. Found: C, 57.76; H, 6.12; 
N, 8.83. 
1
H NMR (THF-d8): δ 59.36 (broad s), 52.60 (broad overlapping s, 16H total, Ar–
H), 14.09 (broad s, 24H, CH3), –84.54 (broad s, 4H, CH). The –CH2 resonance of the 18-
crown-6 was observed to overlap with a proteo-THF peak at 1.73 ppm. 
Synthesis of [K(DME)(18-crown-6)][Tb(tmtaa)2] (5.4-Tb) 
 Following the procedure shown above for compound 5.4-Dy, [K(DME)(18-
crown-6)][Tb(tmtaa)2] was synthesized from 0.117 g [K(DME)2][Tb(tmtaa)2] (0.110 
mmol) and 0.031 g 18-crown-6 (0.117 mmol). Yield: 0.104 g, 0.084 mmol, 76%. Anal. 
Calcd. for KTbC60H78N8O4: C, 58.24; H, 6.35; N, 9.06. Found: C, 57.85; H, 6.07; N, 
8.84. 
1
H NMR (THF-d8, 300 MHz, 298 K): δ 22.72 (broad s), –164.88 (broad 
overlapping s). Definitive peak assignments could not be made due to paramagnetic 
relaxation. 
Synthesis of [K(DME)(18-crown-6)][Ho(tmtaa)2] (5.4-Ho) 
 Following the procedure shown above for compound 5.4-Dy, [K(DME)(18-
crown-6)][Ho(tmtaa)2] was synthesized from 0.130 g [K(DME)2][Ho(tmtaa)2] (0.122 
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mmol) and 0.034 g 18-crown-6 (0.129 mmol). Yield: 0.121 g, 0.097 mmol, 80%. 
1
H 
NMR data was not collected for this compound. 
Synthesis of [K(DME)(18-crown-6)][Er(tmtaa)2] (5.4-Er) 
 Following the procedure shown above for compound 5.4-Dy, [K(DME)(18-
crown-6)][Er(tmtaa)2] was synthesized from 0.159 g [K(DME)2][Er(tmtaa)2] (0.148 
mmol) and 0.040 g 18-crown-6 (0.151 mmol). Yield: 0.145 g, 0.116 mmol, 79%. 
1
H 
NMR (THF-d8, 300 MHz, 298 K): δ 84.11 (broad s, 8 H), 44.00 (broad s, 8 H), –1.66 (s, 
24 H) –14.70 (broad s, 4 H). The –CH2 resonance of the 18-crown-6 was observed to 
overlap with a proteo-THF peak at 1.73 ppm. 
5.4.8 Preparation of [K(DME)2][Y(tmtaa)2]0.95[Dy(tmtaa)2]0.05 (5.3-Y,Dy).  
[K(DME)2][Y(tmtaa)2] (0.19 g, 0.19 mmol) and [K(DME)2][Dy(tmtaa)2] (0.010 g, 
0.009 mmol, 0.05 equiv) were suspended in ~20 mL DME and the solution was heated 
gently to dissolve the solids. The solution was then set undisturbed to cool to room 
temperature, followed by chilling at –35 oC for 16 h. The mother liquor was decanted 
away from the resultant orange crystalline solid, which was then washed 2  5 mL DME. 
In order to maintain both equivalents of coordinated solvent, the crystals were 
atmosphere-dried under N2 rather than exposed to reduced pressure. Yield: 0.14 g, 0.14 
mmol, 73%.  
5.4.9 Preparation of [K(DME)(18-crown-6)][Y(tmtaa)2]0.95[Dy(tmtaa)2]0.05 (5.4-
Y,Dy).  
A solution of 18-crown-6 (0.018 g, 0.068 mmol) in ~2 mL toluene was added 
slowly to a solution of [K(DME)2][Y(tmtaa)2]0.95[Dy(tmtaa)2]0.05 (0.061 g, 0.061 mmol) 
in ~15 mL DME. Upon standing at room temperature, orange crystals precipitated from 
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the reaction mixture. The crystals were isolated by vacuum filtration over a medium 
porosity fritted filter, washed 3  3 mL DME, and dried under reduced pressure. Yield: 
0.040 g, 0.034 mmol, 56%.  
 
5.5 Crystallographic data 
 X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). In all cases, 
rotation frames were integrated using SAINT,
47
 producing a listing of unaveraged F
2
 and 
σ(F2) values which were then passed to the SHELXTL48 program package for further 
processing and structure solution on a Dell Pentium 4 computer. The intensity data were 
corrected for Lorentz and polarization effects and for absorption using SADABS.
49
 The 
structures were solved by direct methods (SHELXS-97).
50
 There were several areas of 
disordered solvent for which reliable disorder models could not be devised; the X-ray 
data were corrected for the presence of disordered solvent using SQUEEZE.
51
 
Refinement was by full-matrix least squares based on F
2
 using SHELXL-97.
50
 All 
reflections were used during refinements. Non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were refined using a riding model.  
 In the structure of 5.4-Dy, the dysprosium ion lay on a crystallographic mirror 
plane (at x, ¼, z); the mirror plane passed through the C(8) and C(10) atoms and bisected 
the C(18)–C(18)' and C(21)–C(21)' bonds. The potassium ion lay “almost” on a 
crystallographic mirror plane (at x, ¾, z). The K
+
 ion and the coordinated DME and the 
crown ether were disordered by the mirror and, thus, were refined with occupancies of 
0.50.  
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Table 5.5.1. Crystallographic data for compounds 5.1-Dy and 5.2-Tb. 
 5.1-Dy 5.2-Tb 
Empirical formula C49H56N8DyK C52H60N8O2KTb 
Formula weight 958.62 1027.10 
Temperature (K) 153(1) 100(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system orthorhombic monoclinic 
Space group Cmc21 C2/c      
Cell constants   
a (Å) 14.1728(3) 17.0272(16)  
b (Å) 18.6583(4) 15.7753(15)  
c (Å) 16.5288(4) 19.9720(19)  
α (o) 90.00 90.00 
β (o) 90.00 106.862(4) 
γ (o) 90.00 90.00 
Volume (Å
3
) 4370.88(17) 5134.0(8) 
Z 4 4 
ρcalc (g/cm
3
) 1.457 1.329  
µ (Mo Kα) (mm-1) 1.849 1.504  
F(000) 1964 2112 
Crystal size (mm
3
) 0.18 × 0.15 × 0.10 0.25 × 0.10 × 0.10 
Theta range for data collection
 
1.80 to 27.56° 1.80 to 27.51° 
Index ranges 
-18 ≤ h ≤ 18, -24 ≤ k ≤ 
24, -21 ≤ l ≤ 21 
22 ≤ h ≤ 22, -20 ≤ k ≤ 20, 
-25 ≤ l ≤ 25 
Reflections collected 50190 39656 
Independent collections 5257 [R(int) = 0.0245] 5876 [R(int) = 0.0298] 
Completeness to theta = 
27.49
o
 
99.9% 99.6% 
Absorption correction 
Semi-empirical from 
equivalents 
Semi-empirical from 
equivalents 
Max. and min. transmission 0.7456 and 0.6623 0.7456 and 0.6203 
Refinement method 
Full-matrix least-squares 
on F
2
 
Full-matrix least-squares 
on F
2
 
Data / restraints / parameters 5257 / 5 / 286 5876 / 14 / 304 
Goodness-of-fit on F
2
 1.100 1.221 
Final R indices [I>2sigma(I)] 
R1 = 0.0142, wR2 = 
0.0367 
R1 = 0.0352, wR2 = 
0.0820 
R indices (all data) 
R1 = 0.0149, wR2 = 
0.0372 
R1 = 0.0363, wR2 = 
0.0827 
Largest diff. peak and hole 
(e.Å
3
) 
0.672 and -0.363 1.405 and -1.413 
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Table 5.5.2. Bond lengths for 5.1-Dy (Å). 
Dy1-N3#1  2.4341(15) C9-C10  1.404(3) 
Dy1-N4  2.4362(19) C10-C9#1  1.404(3) 
Dy1-N1  2.4795(16) C13-C22  1.516(3) 
N1-C9  1.324(2) C15-K1#2  3.2332(19) 
N2-C7  1.331(3) C16-K1#2  3.216(2) 
N3-C13  1.310(3) C19-C20  1.403(3) 
N4-C16  1.418(3) C21-C21#1  1.374(5) 
C1-C6  1.435(3) K1-N4#3  3.1192(19) 
C4-C5  1.382(3) K1-C16#3  3.216(2) 
C7-C11  1.515(3) C24-C25  1.530(9) 
C8-K1  3.152(3) C27-C28  1.489(8) 
C9-K1  3.2880(19) Dy1-N4#1  2.4362(19) 
C13-C14  1.412(3) Dy1-N2  2.4684(19) 
C15-C23  1.511(3) Dy1-K1  3.8263(6) 
C16-C16#1  1.422(5) N1-K1  3.0459(18) 
C18-C18#1  1.372(5) N2-K1  2.975(2) 
C20-C21  1.385(3) N4-C15  1.328(3) 
K1-N1#1  3.0459(18) C1-C2  1.397(3) 
K1-C7#1  3.122(2) C3-C4  1.387(4) 
K1-C15#3  3.2332(19) C7-C8  1.401(3) 
C26-C27  1.511(8) C8-C7#1  1.401(3) 
Dy1-N3  2.4341(15) C9-C12  1.521(3) 
Dy1-N2#1  2.4684(19) C10-K1  3.339(3) 
Dy1-N1#1  2.4795(16) C14-C15  1.402(3) 
N1-C1  1.406(3) C16-C17  1.403(3) 
N2-C6  1.414(3) C17-C18  1.388(3) 
N3-C19  1.412(2) C19-C19#1  1.418(4) 
N4-K1#2  3.1192(19) K1-N2#1  2.975(2) 
C2-C3  1.382(3) K1-N4#4  3.1192(19) 
C5-C6  1.395(3) K1-C16#4  3.216(2) 
C7-K1  3.122(2) C25-C26  1.480(8) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,z    #2 x,-y+1,z+1/2    #3 x,-y+1,z-1/2      
#4 -x+1,-y+1,z-1/2      
 
Table 5.5.3. Bond angles for 5.1-Dy (°). 
N3#1-Dy1-N3 64.77(8) C14-C15-C23 114.88(18) 
N3#1-Dy1-N4 106.61(6) C23-C15-K1#2 86.56(13) 
N3#1-Dy1-N2#1 111.72(6) N4-C16-C16#1 115.08(13) 
N4-Dy1-N2#1 111.81(6) C16#1-C16-K1#2 77.23(4) 
N4#1-Dy1-N2 111.81(6) C20-C19-N3 125.73(17) 
N3#1-Dy1-N1 111.55(6) C21-C20-C19 121.00(19) 
N4-Dy1-N1 111.61(6) N2#1-K1-N1 80.48(5) 
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N3#1-Dy1-N1#1 75.08(6) N2-K1-N1#1 80.48(5) 
N4-Dy1-N1#1 175.23(6) N2-K1-N4#3 123.18(4) 
N1-Dy1-N1#1 71.36(8) N2#1-K1-N4#4 123.18(4) 
N4#1-Dy1-K1 125.77(4) N1#1-K1-N4#4 114.15(5) 
N2-Dy1-K1 51.02(4) N2-K1-C7 25.07(5) 
C9-N1-C1 124.81(17) N4#3-K1-C7 113.66(5) 
C9-N1-K1 88.44(12) N2-K1-C7#1 59.29(6) 
C7-N2-C6 124.69(18) N4#3-K1-C7#1 138.06(5) 
C7-N2-K1 83.66(13) N2#1-K1-C8 45.85(5) 
C13-N3-C19 123.63(16) N1#1-K1-C8 95.52(5) 
C15-N4-C16 124.83(19) C7-K1-C8 25.80(5) 
C15-N4-K1#2 82.79(11) N2-K1-C16#3 137.90(6) 
C2-C1-N1 127.03(19) N4#3-K1-C16#3 25.81(5) 
C3-C2-C1 121.8(2) C7#1-K1-C16#3 156.23(5) 
C4-C5-C6 121.7(2) N2-K1-C16#4 163.00(5) 
N2-C6-C1 114.70(17) N4#3-K1-C16#4 44.42(5) 
C8-C7-C11 115.04(19) C7#1-K1-C16#4 137.32(6) 
C11-C7-K1 120.11(14) N2#1-K1-C15#3 151.86(6) 
C7-C8-K1 75.90(14) N1#1-K1-C15#3 148.39(5) 
C10-C9-C12 113.8(2) C7-K1-C15#3 92.97(6) 
C12-C9-K1 123.77(13) C16#3-K1-C15#3 44.35(5) 
C9#1-C10-K1 75.74(13) C25-C26-C27 114.0(8) 
C14-C13-C22 114.65(18) N3-Dy1-N4#1 106.61(6) 
N4-C15-C23 122.26(19) N4#1-Dy1-N4 65.18(9) 
C14-C15-K1#2 107.72(13) N4#1-Dy1-N2#1 75.04(7) 
C17-C16-C16#1 119.14(12) N3-Dy1-N2 111.72(6) 
N4-C16-K1#2 73.27(11) N2#1-Dy1-N2 71.53(9) 
C18#1-C18-C17 120.66(13) N4#1-Dy1-N1 175.23(6) 
N3-C19-C19#1 114.91(10) N2-Dy1-N1 63.53(6) 
N2#1-K1-N2 58.02(7) N4#1-Dy1-N1#1 111.61(6) 
N2#1-K1-N1#1 51.25(5) N2-Dy1-N1#1 103.66(6) 
N2#1-K1-N4#3 162.80(6) N3-Dy1-K1 127.61(4) 
N1#1-K1-N4#3 143.95(5) N2#1-Dy1-K1 51.02(4) 
N1-K1-N4#4 143.95(5) N1#1-Dy1-K1 52.65(4) 
N2#1-K1-C7 59.29(6) C1-N1-Dy1 100.11(11) 
N1#1-K1-C7 98.38(5) Dy1-N1-K1 87.02(5) 
N2#1-K1-C7#1 25.07(5) C6-N2-Dy1 100.26(12) 
N1#1-K1-C7#1 76.05(5) Dy1-N2-K1 88.82(6) 
C7-K1-C7#1 48.07(9) C19-N3-Dy1 101.74(11) 
N1-K1-C8 95.52(5) C16-N4-Dy1 100.99(13) 
N4#4-K1-C8 120.52(6) Dy1-N4-K1#2 113.68(7) 
N2#1-K1-C16#3 163.00(5) N1-C1-C6 114.34(17) 
N1#1-K1-C16#3 118.34(5) C5-C4-C3 119.8(2) 
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C7-K1-C16#3 137.32(6) C5-C6-C1 118.64(18) 
N2#1-K1-C16#4 137.90(6) N2-C7-C11 122.7(2) 
N1#1-K1-C16#4 105.36(5) C8-C7-K1 78.30(14) 
C7-K1-C16#4 156.23(5) C7#1-C8-K1 75.90(14) 
C16#3-K1-C16#4 25.54(8) N1-C9-C12 123.7(2) 
N1-K1-C15#3 98.38(5) C10-C9-K1 79.81(14) 
N4#4-K1-C15#3 73.27(5) C9-C10-K1 75.74(13) 
C8-K1-C15#3 106.94(5) N3-C13-C22 122.21(19) 
C26-C25-C24 117.1(8) N4-C15-C14 122.71(18) 
N3#1-Dy1-N4#1 73.08(6) N4-C15-K1#2 73.16(11) 
N3-Dy1-N4 73.08(6) C17-C16-N4 125.4(2) 
N3-Dy1-N2#1 174.94(6) C17-C16-K1#2 124.48(14) 
N3#1-Dy1-N2 174.94(6) C18-C17-C16 120.2(2) 
N4-Dy1-N2 75.04(7) C20-C19-C19#1 118.76(12) 
N3-Dy1-N1 75.08(6) C21#1-C21-C20 120.22(13) 
N2#1-Dy1-N1 103.66(6) N2-K1-N1 51.25(5) 
N3-Dy1-N1#1 111.55(6) N1-K1-N1#1 56.69(6) 
N2#1-Dy1-N1#1 63.53(6) N1-K1-N4#3 114.15(5) 
N3#1-Dy1-K1 127.61(4) N2-K1-N4#4 162.80(6) 
N4-Dy1-K1 125.77(4) N4#3-K1-N4#4 49.75(7) 
N1-Dy1-K1 52.65(4) N1-K1-C7 76.05(5) 
C9-N1-Dy1 132.64(14) N4#4-K1-C7 138.06(5) 
C1-N1-K1 112.78(12) N1-K1-C7#1 98.38(5) 
C7-N2-Dy1 133.45(15) N4#4-K1-C7#1 113.66(5) 
C6-N2-K1 114.19(12) N2-K1-C8 45.85(5) 
C13-N3-Dy1 134.49(14) N4#3-K1-C8 120.52(6) 
C15-N4-Dy1 133.69(14) C7#1-K1-C8 25.80(5) 
C16-N4-K1#2 80.92(11) N1-K1-C16#3 105.36(5) 
C2-C1-C6 118.18(19) N4#4-K1-C16#3 44.42(5) 
C2-C3-C4 119.9(2) C8-K1-C16#3 145.99(6) 
C5-C6-N2 126.17(18) N1-K1-C16#4 118.34(5) 
N2-C7-C8 122.2(2) N4#4-K1-C16#4 25.81(5) 
N2-C7-K1 71.26(12) C8-K1-C16#4 145.99(6) 
C7#1-C8-C7 130.4(3) N2-K1-C15#3 99.25(5) 
N1-C9-C10 122.46(19) N4#3-K1-C15#3 24.04(5) 
N1-C9-K1 67.82(10) C7#1-K1-C15#3 131.10(6) 
C9-C10-C9#1 130.1(3) C16#4-K1-C15#3 67.26(6) 
N3-C13-C14 123.09(18) C28-C27-C26 111.6(8) 
C15-C14-C13 129.41(18)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,z    #2 x,-y+1,z+1/2    #3 x,-y+1,z-1/2      
#4 -x+1,-y+1,z-1/2      
 
 
308 
Table 5.5.4. Bond lengths for 5.2-Tb (Å). 
Tb1-N4#1  2.427(3) C9-C11  1.527(5) 
Tb1-N3#1  2.429(3) C12-C21  1.514(5) 
Tb1-N1#1  2.521(3) C15-C16  1.405(4) 
N1-C9  1.323(4) C17-C18  1.382(6) 
N2-C7  1.324(4) C20-N3#1  1.407(4) 
N3-C12  1.322(4) O1-C26'  1.431(8) 
N4-C15  1.403(4) C24-C25  1.479(11) 
C2-C3  1.387(5) C26-K1  3.384(9) 
C5-C6  1.404(4) K1-N2#1  2.936(3) 
C7-K1  3.129(3) K1-C8#1  3.162(4) 
C9-C8#1  1.414(5) Tb1-N3  2.429(3) 
C12-C13  1.408(5) Tb1-N2#1  2.496(3) 
C14-C22  1.521(5) Tb1-K1  3.7603(12) 
C16-C17  1.381(5) N1-K1  2.917(3) 
C19-C20  1.405(5) N2-K1  2.936(3) 
C23-C24  1.535(9) N4-C14  1.325(4) 
O1-K1  2.618(4) C1-C6  1.420(5) 
C25-C26'  1.536(9) C4-C5  1.384(5) 
K1-N1#1  2.917(3) C7-C10  1.520(4) 
K1-C7#1  3.129(3) C8-K1  3.162(4) 
Tb1-N4  2.427(3) C9-K1  3.082(4) 
Tb1-N2  2.496(3) C13-C14  1.398(5) 
Tb1-N1  2.521(3) C15-C20  1.425(5) 
N1-C1  1.410(4) C18-C19  1.388(5) 
N2-C6  1.406(4) C23-O1  1.404(6) 
N3-C20#1  1.407(4) O1-C26  1.462(9) 
C1-C2  1.400(5) C25-C26  1.462(8) 
C3-C4  1.385(6) K1-O1#1  2.618(4) 
C7-C8  1.405(5) K1-C9#1  3.082(4) 
C8-C9#1  1.414(5)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,y,-z+3/2      
 
Table 5.5.5. Bond angles for 5.2-Tb (°). 
N4#1-Tb1-N4 106.55(13) C17-C18-C19 120.0(4) 
N4#1-Tb1-N3#1 72.90(9) N3#1-C20-C15 115.4(3) 
N4#1-Tb1-N2 173.00(9) C23-O1-C26' 102.0(6) 
N3#1-Tb1-N2 113.90(9) C23-O1-K1 129.4(4) 
N3-Tb1-N2#1 113.90(9) C25-C24-C23 105.3(5) 
N4#1-Tb1-N1#1 114.05(9) C24-C25-C26' 99.8(7) 
N3#1-Tb1-N1#1 75.38(9) C25-C26-K1 145.7(7) 
N4#1-Tb1-N1 110.40(9) O1-K1-N1 102.93(12) 
N3#1-Tb1-N1 176.34(9) O1#1-K1-N1#1 102.93(12) 
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N1#1-Tb1-N1 101.56(13) O1#1-K1-N2#1 92.03(14) 
N3-Tb1-K1 126.13(6) O1-K1-N2 92.03(14) 
N2#1-Tb1-K1 51.24(6) N1#1-K1-N2 59.25(8) 
C9-N1-C1 124.2(3) O1#1-K1-C9 115.86(14) 
C9-N1-K1 84.3(2) N2#1-K1-C9 60.53(9) 
C7-N2-C6 124.5(3) O1#1-K1-C9#1 100.05(12) 
C7-N2-K1 85.69(19) N2#1-K1-C9#1 78.02(9) 
C12-N3-C20#1 124.4(3) O1-K1-C7#1 141.28(14) 
C14-N4-C15 123.7(3) N1#1-K1-C7#1 77.73(9) 
C2-C1-N1 125.4(3) C9-K1-C7#1 48.60(9) 
C3-C2-C1 121.4(4) O1#1-K1-C7 141.28(14) 
C4-C5-C6 121.4(3) N2#1-K1-C7 100.55(9) 
N2-C6-C1 115.0(3) C9#1-K1-C7 48.60(9) 
C8-C7-C10 114.4(3) O1#1-K1-C8#1 92.33(15) 
C10-C7-K1 121.4(2) N2#1-K1-C8#1 46.13(9) 
C9#1-C8-K1 73.7(2) C9#1-K1-C8#1 123.23(10) 
C8#1-C9-C11 115.2(3) O1-K1-C8 92.33(15) 
C11-C9-K1 117.2(3) N1#1-K1-C8 46.07(8) 
C13-C12-C21 114.8(3) C9-K1-C8 123.23(10) 
N4-C14-C22 121.5(3) C7-K1-C8 25.81(9) 
N4-C15-C20 115.6(3) N4-Tb1-N3 72.90(9) 
C16-C17-C18 120.1(3) N3-Tb1-N3#1 107.74(13) 
N3#1-C20-C19 126.2(3) N3-Tb1-N2 109.45(9) 
O1-C23-C24 104.6(6) N4-Tb1-N2#1 173.00(9) 
C26'-O1-C26 36.4(7) N2-Tb1-N2#1 102.49(12) 
C26-O1-K1 108.7(4) N3-Tb1-N1#1 176.34(9) 
C26-C25-C26' 35.0(7) N2#1-Tb1-N1#1 62.85(9) 
O1-C26-K1 47.1(3) N3-Tb1-N1 75.38(9) 
O1-K1-O1#1 98.4(2) N2#1-Tb1-N1 70.41(9) 
O1-K1-N1#1 138.32(14) N4-Tb1-K1 126.73(6) 
O1-K1-N2#1 160.54(12) N2-Tb1-K1 51.24(6) 
N1#1-K1-N2#1 53.10(8) N1-Tb1-K1 50.78(7) 
N1-K1-N2 53.10(8) C1-N1-Tb1 100.0(2) 
O1-K1-C9 100.05(12) Tb1-N1-K1 87.17(9) 
N1#1-K1-C9 102.12(9) C6-N2-Tb1 100.35(19) 
O1-K1-C9#1 115.86(14) Tb1-N2-K1 87.22(7) 
N1#1-K1-C9#1 25.29(8) C20#1-N3-Tb1 101.5(2) 
C9-K1-C9#1 124.28(14) C15-N4-Tb1 101.52(19) 
N1-K1-C7#1 59.66(8) N1-C1-C6 115.3(3) 
N2-K1-C7#1 100.55(9) C3-C4-C5 120.0(3) 
O1-K1-C7 81.45(15) C5-C6-C1 118.5(3) 
N1#1-K1-C7 59.66(8) N2-C7-C10 122.5(3) 
C9-K1-C7 102.10(10) C8-C7-K1 78.44(19) 
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O1-K1-C8#1 116.64(13) C7-C8-K1 75.8(2) 
N1#1-K1-C8#1 97.94(9) N1-C9-C11 123.1(3) 
C9-K1-C8#1 26.14(9) C8#1-C9-K1 80.1(2) 
C7-K1-C8#1 122.60(10) N3-C12-C21 122.1(3) 
N1-K1-C8 97.94(9) N4-C14-C13 122.9(3) 
N2-K1-C8 46.13(9) N4-C15-C16 124.7(3) 
C7#1-K1-C8 122.60(10) C17-C16-C15 121.1(3) 
N4#1-Tb1-N3 65.72(9) C18-C19-C20 121.5(4) 
N4-Tb1-N3#1 65.72(9) C19-C20-C15 118.0(3) 
N4-Tb1-N2 75.89(9) C23-O1-C26 114.5(6) 
N4#1-Tb1-N2#1 75.89(9) C26'-O1-K1 128.5(5) 
N3#1-Tb1-N2#1 109.45(9) C26-C25-C24 109.7(7) 
N4-Tb1-N1#1 110.40(9) O1-C26-C25 103.6(7) 
N2-Tb1-N1#1 70.41(9) O1-C26'-C25 101.4(8) 
N4-Tb1-N1 114.05(9) O1#1-K1-N1 138.32(14) 
N2-Tb1-N1 62.85(9) N1-K1-N1#1 84.09(11) 
N4#1-Tb1-K1 126.73(6) N1-K1-N2#1 59.25(8) 
N3#1-Tb1-K1 126.13(6) O1#1-K1-N2 160.54(12) 
N1#1-Tb1-K1 50.78(7) N2#1-K1-N2 83.07(11) 
C9-N1-Tb1 134.8(2) N1-K1-C9 25.29(8) 
C1-N1-K1 112.5(2) N2-K1-C9 78.02(9) 
C7-N2-Tb1 133.8(2) N1-K1-C9#1 102.12(9) 
C6-N2-K1 112.57(19) N2-K1-C9#1 60.53(9) 
C12-N3-Tb1 133.9(2) O1#1-K1-C7#1 81.45(15) 
C14-N4-Tb1 134.6(2) N2#1-K1-C7#1 24.97(8) 
C2-C1-C6 118.9(3) C9#1-K1-C7#1 102.10(10) 
C4-C3-C2 119.8(4) N1-K1-C7 77.73(9) 
C5-C6-N2 126.2(3) N2-K1-C7 24.97(8) 
N2-C7-C8 122.9(3) C7#1-K1-C7 122.21(13) 
N2-C7-K1 69.34(17) N1-K1-C8#1 46.07(8) 
C7-C8-C9#1 130.1(3) N2-K1-C8#1 97.64(9) 
N1-C9-C8#1 121.5(3) C7#1-K1-C8#1 25.81(9) 
N1-C9-K1 70.4(2) O1#1-K1-C8 116.64(13) 
N3-C12-C13 123.0(3) N2#1-K1-C8 97.64(9) 
C14-C13-C12 128.9(3) C9#1-K1-C8 26.14(9) 
C13-C14-C22 115.5(3) C8#1-K1-C8 136.06(13) 
C16-C15-C20 119.2(3)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,y,-z+3/2      
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Table 5.5.6. Crystallographic data for compounds 5.3-Dy and 5.4-Tb. 
 5.3-Dy 5.4-Tb 
Empirical formula C52H64N8O4KDy C60H78N8O8KTb 
Formula weight 1066.71 1237.32 
Temperature (K) 100(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system monoclinic monoclinic 
Space group P2/c      P21/n      
Cell constants   
a (Å) 23.030(4) 16.1750(11) 
b (Å) 11.422(2) 17.6703(11) 
c (Å) 44.360(9) 21.1166(14) 
α (o) 90.00 90.00 
β (o) 91.414(6) 105.726(4) 
γ (o) 90.00 90.00 
Volume (Å
3
) 11665(4) 2911.1(4) 
Z 8 2 
Density (calculated) (Mg/m
3
) 1.215  1.416 
Absorption coefficient (mm
-1
) 1.397  1.416 
F(000) 4392 1286 
Crystal size (mm
3
) 0.38 × 0.38 × 0.18  0.24 × 0.04 × 0.03 
Theta range for data collection
 
1.77 to 27.64° 1.83 to 27.64° 
Index ranges 
-30 ≤ h ≤ 30, -14 ≤ k ≤ 
14, -57 ≤ l ≤ 57 
-14 ≤ h ≤ 15, -22 ≤ k ≤ 
22, -19 ≤ l ≤ 19 
Reflections collected 95368 63950 
Independent collections 26911 [R(int) = 0.0284] 6921 [R(int) = 0.0321] 
Completeness to theta = 
27.49
o
 
99.0% 99.0% 
Absorption correction 
Semi-empirical from 
equivalents 
Semi-empirical from 
equivalents 
Max. and min. transmission 0.7456 and 0.6652 0.7456 and 0.6436 
Refinement method 
Full-matrix least-squares 
on F
2
 
Full-matrix least-squares 
on F
2
 
Data / restraints / parameters 26911 / 18 / 1204 6921 / 36 / 470 
Goodness-of-fit on F
2
 1.206 1.031 
Final R indicies [I>2sigma(I)] 
R1 = 0.0663, wR2 = 
0.1378 
R1 = 0.0175, wR2 = 
0.0427 
R indices (all data) 
R1 = 0.0747, wR2 = 
0.1405 
R1 = 0.0214, wR2 = 
0.0442 
Largest diff. peak and hole 
(e.Å
3
) 
4.384 and -6.090 0.467 and -0.286 
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 Table 5.5.7. Bond lengths for 5.3-Dy (Å). 
Dy1-N6  2.424(5) O4-C52  1.384(13) 
Dy1-N8  2.450(4) Dy1'-N8'  2.440(5) 
Dy1-N2  2.484(4) Dy1'-N2'  2.473(4) 
N1-C18  1.314(7) Dy1'-K1'  3.8259(14) 
N2-C7  1.329(7) N1'-K1'  2.952(5) 
N3-C9  1.330(8) N2'-K1'  2.963(5) 
N4-C16  1.329(8) N3'-K1'  3.052(5) 
N5-C40  1.324(7) N4'-K1'  3.066(5) 
N6-C28  1.415(8) N6'-C29'  1.327(7) 
N8-C38  1.317(8) N7'-C32'  1.423(8) 
C1-C6  1.437(8) C1'-C2'  1.408(8) 
C4-C5  1.382(9) C3'-C4'  1.387(10) 
C7-C19  1.511(8) C7'-C8'  1.416(9) 
C8-K1  3.275(6) C8'-C9'  1.401(9) 
C10-C11  1.408(9) C9'-K1'  3.238(6) 
C12-C13  1.368(14) C11'-C12'  1.393(10) 
C16-C17  1.418(9) C14'-C15'  1.405(8) 
C17-C18  1.406(9) C16'-K1'  3.245(6) 
C18-K1  3.188(6) C18'-C22'  1.528(8) 
C24-C25  1.380(10) C23'-C28'  1.424(9) 
C27-C28  1.403(8) C26'-C27'  1.389(10) 
C30-C31  1.412(9) C29'-C41'  1.517(9) 
C32-C33  1.434(9) C32'-C33'  1.370(9) 
C35-C36  1.381(10) C34'-C35'  1.374(11) 
C38-C43  1.526(8) C38'-C39'  1.415(10) 
C45-O1  1.391(10) C40'-C44'  1.536(9) 
C47-O1  1.414(11) C46'-O2'  1.419(9) 
K1-O1  2.814(5) K1'-O4'  2.769(5) 
C49-O3  1.435(9) K1'-O3'  3.078(6) 
O3-C51  1.413(11) C50'-O4'  1.375(9) 
Dy1'-N7'  2.438(5) Dy1-N5  2.445(5) 
Dy1'-N4'  2.467(5) Dy1-N3  2.482(5) 
Dy1'-N1'  2.486(4) Dy1-K1  3.8401(14) 
N1'-C1'  1.415(7) N1-K1  2.981(5) 
N2'-C6'  1.425(7) N2-K1  2.973(5) 
N3'-C10'  1.409(7) N3-K1  3.069(5) 
N4'-C15'  1.418(8) N4-K1  3.083(5) 
N5'-C23'  1.417(8) N6-C29  1.322(7) 
N7'-C31'  1.319(7) N7-C32  1.382(8) 
N8'-C37'  1.402(8) C1-C2  1.395(8) 
C2'-C3'  1.380(9) C3-C4  1.397(10) 
C5'-C6'  1.380(8) C7-C8  1.412(9) 
C7'-K1'  3.170(5) C8-C9  1.404(9) 
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C9'-C20'  1.525(8) C9-K1  3.251(6) 
C10'-C15'  1.424(9) C11-C12  1.361(11) 
C13'-C14'  1.369(10) C14-C15  1.384(9) 
C16'-C21'  1.509(8) C16-K1  3.277(5) 
C17'-K1'  3.258(6) C18-C22  1.531(9) 
C23'-C24'  1.408(9) C23-C28  1.432(8) 
C25'-C26'  1.370(12) C26-C27  1.379(10) 
C29'-C30'  1.414(9) C29-C41  1.535(8) 
C31'-C42'  1.543(8) C32-C37  1.412(9) 
C33'-C34'  1.401(10) C34-C35  1.384(11) 
C36'-C37'  1.414(9) C38-C39  1.395(10) 
C39'-C40'  1.403(9) C40-C44  1.520(9) 
C45'-C46'  1.468(13) C46-O2  1.417(9) 
C48'-O2'  1.444(11) K1-O4  2.739(5) 
K1'-O2'  2.845(5) K1-O3  2.983(6) 
C49'-C50'  1.460(11) C50-O4  1.420(8) 
O4'-C51'  1.427(11) Dy1'-N6'  2.429(5) 
Dy1-N7  2.442(5) Dy1'-N5'  2.448(5) 
Dy1-N4  2.461(5) Dy1'-N3'  2.485(5) 
Dy1-N1  2.507(5) N1'-C18'  1.330(7) 
N1-C1  1.411(7) N2'-C7'  1.329(7) 
N2-C6  1.410(7) N3'-C9'  1.335(7) 
N3-C10  1.399(8) N4'-C16'  1.322(7) 
N4-C15  1.420(8) N5'-C40'  1.300(8) 
N5-C23  1.412(8) N6'-C28'  1.417(7) 
N7-C31  1.320(7) N8'-C38'  1.328(8) 
N8-C37  1.423(8) C1'-C6'  1.424(8) 
C2-C3  1.399(9) C4'-C5'  1.388(9) 
C5-C6  1.407(8) C7'-C19'  1.528(8) 
C7-K1  3.178(6) C8'-K1'  3.279(6) 
C9-C20  1.529(9) C10'-C11'  1.395(9) 
C10-C15  1.444(9) C12'-C13'  1.384(12) 
C13-C14  1.410(12) C16'-C17'  1.412(8) 
C16-C21  1.511(9) C17'-C18'  1.412(8) 
C17-K1  3.299(6) C18'-K1'  3.159(6) 
C23-C24  1.407(9) C24'-C25'  1.384(10) 
C25-C26  1.400(11) C27'-C28'  1.392(9) 
C29-C30  1.400(9) C30'-C31'  1.396(9) 
C31-C42  1.521(8) C32'-C37'  1.443(8) 
C33-C34  1.397(10) C35'-C36'  1.394(11) 
C36-C37  1.395(9) C38'-C43'  1.526(9) 
C39-C40  1.414(9) C45'-O1'  1.434(9) 
C45-C46  1.499(13) C47'-O1'  1.426(11) 
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C48-O2  1.339(10) K1'-O1'  2.789(5) 
K1-O2  2.825(5) C49'-O3'  1.417(8) 
C49-C50  1.478(12) O3'-C52'  1.410(10) 
 
Table 5.5.8. Bond angles for 5.3-Dy (°). 
N6-Dy1-N7 73.55(16) C52-O4-K1 109.4(5) 
N6-Dy1-N8 106.53(16) N6'-Dy1'-N8' 106.73(16) 
N6-Dy1-N4 175.52(17) N7'-Dy1'-N5' 107.31(15) 
N8-Dy1-N4 75.04(15) N7'-Dy1'-N4' 111.11(16) 
N5-Dy1-N3 75.14(16) N6'-Dy1'-N2' 74.79(15) 
N6-Dy1-N2 74.76(15) N5'-Dy1'-N2' 111.92(16) 
N8-Dy1-N2 175.46(16) N7'-Dy1'-N3' 175.32(16) 
N6-Dy1-N1 111.59(16) N4'-Dy1'-N3' 64.21(16) 
N8-Dy1-N1 111.45(16) N7'-Dy1'-N1' 74.34(15) 
N2-Dy1-N1 64.19(15) N4'-Dy1'-N1' 70.89(15) 
N5-Dy1-K1 127.83(12) N6'-Dy1'-K1' 125.46(11) 
N3-Dy1-K1 52.94(12) N5'-Dy1'-K1' 127.92(11) 
C18-N1-C1 124.9(5) N3'-Dy1'-K1' 52.80(11) 
C18-N1-K1 86.7(3) C18'-N1'-Dy1' 134.0(4) 
C7-N2-C6 125.1(5) C1'-N1'-K1' 110.7(3) 
C7-N2-K1 86.3(3) C7'-N2'-Dy1' 133.8(4) 
C9-N3-C10 123.9(5) C6'-N2'-K1' 110.4(3) 
C9-N3-K1 85.6(4) C9'-N3'-Dy1' 134.4(4) 
C16-N4-C15 124.5(5) C10'-N3'-K1' 114.7(4) 
C16-N4-K1 86.3(3) C16'-N4'-Dy1' 134.3(4) 
C40-N5-C23 123.5(5) C15'-N4'-K1' 113.7(3) 
C29-N6-C28 124.3(5) C40'-N5'-Dy1' 134.8(4) 
C31-N7-C32 124.9(5) C29'-N6'-Dy1' 133.7(4) 
C38-N8-C37 124.3(5) C31'-N7'-Dy1' 133.3(4) 
C2-C1-N1 125.6(5) C38'-N8'-Dy1' 134.1(4) 
C1-C2-C3 120.9(6) C2'-C1'-C6' 118.6(5) 
C4-C5-C6 121.9(6) C2'-C3'-C4' 119.5(6) 
N2-C6-C1 116.4(5) C5'-C6'-C1' 118.9(5) 
C8-C7-C19 114.6(5) N2'-C7'-C8' 122.8(5) 
C19-C7-K1 118.8(4) N2'-C7'-K1' 68.9(3) 
C7-C8-K1 73.6(3) C9'-C8'-C7' 129.2(5) 
C8-C9-C20 114.7(6) N3'-C9'-C8' 122.0(5) 
C20-C9-K1 120.2(4) N3'-C9'-K1' 70.0(3) 
C11-C10-C15 117.1(6) C11'-C10'-N3' 124.6(6) 
C12-C13-C14 121.6(7) C12'-C11'-C10' 120.8(7) 
C14-C15-C10 120.6(7) C13'-C14'-C15' 122.1(7) 
N4-C16-C21 122.6(6) N4'-C15'-C10' 115.7(5) 
C17-C16-K1 78.4(3) C17'-C16'-C21' 115.3(5) 
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C18-C17-K1 73.1(3) C21'-C16'-K1' 122.9(4) 
N1-C18-C22 122.8(6) C18'-C17'-K1' 73.4(3) 
C17-C18-K1 82.0(3) C17'-C18'-C22' 114.6(5) 
C24-C23-C28 118.7(6) C22'-C18'-K1' 120.1(4) 
C24-C25-C26 119.6(6) N5'-C23'-C28' 115.0(5) 
C27-C28-N6 125.5(6) C25'-C26'-C27' 121.1(7) 
N6-C29-C30 123.2(5) C27'-C28'-C23' 118.4(6) 
C29-C30-C31 129.1(5) N6'-C29'-C41' 121.5(6) 
C30-C31-C42 115.0(5) N7'-C31'-C30' 123.2(5) 
C37-C32-C33 117.4(6) C33'-C32'-N7' 127.0(6) 
C36-C35-C34 120.7(6) C32'-C33'-C34' 121.3(7) 
C36-C37-N8 124.7(6) C35'-C36'-C37' 121.0(7) 
N8-C38-C43 121.5(6) C36'-C37'-C32' 117.4(6) 
N5-C40-C39 122.2(6) C39'-C38'-C43' 115.5(6) 
O1-C45-C46 110.3(7) N5'-C40'-C44' 122.5(6) 
O4-K1-O2 91.72(19) O2'-C46'-C45' 110.0(6) 
O1-K1-N2 154.17(17) O1'-K1'-O2' 59.34(16) 
O1-K1-N1 112.40(16) O2'-K1'-N1' 125.55(14) 
O4-K1-O3 60.59(17) O2'-K1'-N2' 145.16(15) 
N2-K1-O3 80.90(15) O1'-K1'-N3' 147.43(16) 
O1-K1-N3 147.86(16) N2'-K1'-N3' 56.97(13) 
N1-K1-N3 80.93(13) O2'-K1'-N4' 74.97(14) 
O1-K1-N4 110.92(15) N3'-K1'-N4' 50.96(13) 
N1-K1-N4 56.95(13) O2'-K1'-O3' 133.58(15) 
O4-K1-C7 77.10(18) N3'-K1'-O3' 133.47(15) 
N2-K1-C7 24.66(13) O1'-K1'-C18' 89.93(16) 
N3-K1-C7 57.73(14) N2'-K1'-C18' 77.41(14) 
O1-K1-C18 89.08(17) O3'-K1'-C18' 87.58(15) 
N1-K1-C18 24.30(14) O2'-K1'-C7' 137.41(16) 
N4-K1-C18 57.74(15) N3'-K1'-C7' 57.71(14) 
O1-K1-C9 146.46(18) C18'-K1'-C7' 101.62(15) 
N1-K1-C9 98.30(14) O2'-K1'-C9' 91.54(16) 
N4-K1-C9 74.32(15) N3'-K1'-C9' 24.28(14) 
O4-K1-C8 69.71(17) C18'-K1'-C9' 119.65(14) 
N2-K1-C8 44.87(14) O1'-K1'-C16' 88.77(15) 
N3-K1-C8 44.16(15) N2'-K1'-C16' 97.72(14) 
C18-K1-C8 120.11(16) O3'-K1'-C16' 132.98(15) 
C45-O1-K1 114.9(5) C9'-K1'-C16' 98.06(16) 
C48-O2-K1 124.5(5) C45'-O1'-K1' 114.1(4) 
O4-C50-C49 111.3(6) C48'-O2'-K1' 125.2(5) 
C51-O3-C49 113.0(6) C52'-O3'-C49' 111.9(6) 
C52-O4-C50 110.6(7) C50'-O4'-C51' 116.1(6) 
N6'-Dy1'-N7' 73.50(16) N7-Dy1-N5 107.43(16) 
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N6'-Dy1'-N5' 65.35(16) N5-Dy1-N8 72.46(16) 
N6'-Dy1'-N4' 175.27(16) N5-Dy1-N4 111.40(16) 
N5'-Dy1'-N4' 111.50(16) N7-Dy1-N3 174.99(16) 
N8'-Dy1'-N2' 175.05(16) N4-Dy1-N3 64.18(16) 
N6'-Dy1'-N3' 111.18(16) N5-Dy1-N2 111.87(16) 
N5'-Dy1'-N3' 75.35(15) N3-Dy1-N2 70.95(16) 
N6'-Dy1'-N1' 112.04(15) N5-Dy1-N1 175.94(16) 
N5'-Dy1'-N1' 175.89(16) N3-Dy1-N1 103.82(15) 
N3'-Dy1'-N1' 103.27(15) N7-Dy1-K1 124.73(11) 
N8'-Dy1'-K1' 127.78(12) N4-Dy1-K1 53.30(11) 
N2'-Dy1'-K1' 50.76(11) N1-Dy1-K1 50.89(10) 
C18'-N1'-C1' 124.3(5) C1-N1-Dy1 100.4(3) 
C18'-N1'-K1' 86.3(3) Dy1-N1-K1 88.37(14) 
C7'-N2'-C6' 124.1(5) C6-N2-Dy1 99.8(3) 
C7'-N2'-K1' 86.3(3) Dy1-N2-K1 88.97(13) 
C9'-N3'-C10' 124.7(5) C10-N3-Dy1 100.5(4) 
C9'-N3'-K1' 85.7(3) Dy1-N3-K1 86.86(15) 
C16'-N4'-C15' 125.0(5) C15-N4-Dy1 100.4(3) 
C16'-N4'-K1' 85.6(3) Dy1-N4-K1 86.92(13) 
C40'-N5'-C23' 123.6(5) C23-N5-Dy1 101.3(3) 
C29'-N6'-C28' 124.3(5) C28-N6-Dy1 101.6(3) 
C31'-N7'-C32' 123.6(5) C32-N7-Dy1 102.1(3) 
C38'-N8'-C37' 124.1(5) C37-N8-Dy1 101.6(3) 
C2'-C1'-N1' 125.5(5) N1-C1-C6 114.6(5) 
C3'-C2'-C1' 121.3(6) C5-C4-C3 119.6(6) 
C6'-C5'-C4' 121.5(6) C5-C6-C1 118.1(5) 
C1'-C6'-N2' 114.6(5) N2-C7-C19 123.0(6) 
C8'-C7'-C19' 114.5(5) C8-C7-K1 81.2(4) 
C19'-C7'-K1' 119.3(4) C9-C8-K1 76.6(4) 
C7'-C8'-K1' 73.0(3) N3-C9-C20 123.1(6) 
C8'-C9'-C20' 114.6(5) C8-C9-K1 78.5(4) 
C20'-C9'-K1' 121.8(4) N3-C10-C15 115.5(5) 
N3'-C10'-C15' 114.9(5) C11-C12-C13 120.2(8) 
C14'-C13'-C12' 120.6(7) C14-C15-N4 124.9(7) 
C14'-C15'-C10' 117.1(6) N4-C16-C17 123.1(5) 
N4'-C16'-C21' 122.2(5) N4-C16-K1 69.9(3) 
C17'-C16'-K1' 78.0(3) C18-C17-C16 129.0(6) 
C16'-C17'-K1' 76.9(3) N1-C18-C17 122.8(6) 
N1'-C18'-C22' 123.7(5) N1-C18-K1 69.0(3) 
C17'-C18'-K1' 81.3(3) C24-C23-N5 125.9(6) 
C24'-C23'-C28' 118.9(6) C25-C24-C23 121.5(6) 
C26'-C25'-C24' 119.4(7) C26-C27-C28 121.4(6) 
C27'-C28'-N6' 125.4(6) N6-C28-C23 115.5(5) 
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N6'-C29'-C30' 122.7(6) C30-C29-C41 114.7(5) 
C31'-C30'-C29' 129.4(5) N7-C31-C42 121.5(6) 
C30'-C31'-C42' 113.9(5) N7-C32-C33 125.1(6) 
N7'-C32'-C37' 112.9(5) C35-C34-C33 119.3(7) 
C34'-C35'-C36' 120.4(7) C36-C37-C32 120.1(6) 
N8'-C37'-C32' 116.9(5) N8-C38-C39 124.0(6) 
N8'-C38'-C43' 121.9(6) C38-C39-C40 129.0(6) 
N5'-C40'-C39' 122.7(6) C39-C40-C44 115.0(6) 
O1'-C45'-C46' 110.2(7) O4-K1-O1 80.69(18) 
O4'-K1'-O2' 94.34(15) O4-K1-N2 100.43(18) 
O1'-K1'-N1' 113.89(16) O4-K1-N1 143.55(18) 
O1'-K1'-N2' 154.99(16) N2-K1-N1 52.90(13) 
O4'-K1'-N3' 109.01(16) O2-K1-O3 132.39(16) 
N1'-K1'-N3' 80.94(13) O4-K1-N3 106.31(15) 
O1'-K1'-N4' 111.29(14) N2-K1-N3 56.96(13) 
N2'-K1'-N4' 80.33(13) O4-K1-N4 152.22(16) 
O1'-K1'-O3' 78.08(16) N2-K1-N4 80.07(12) 
N2'-K1'-O3' 79.90(14) N3-K1-N4 50.53(13) 
O4'-K1'-C18' 144.99(17) O2-K1-C7 138.37(17) 
N1'-K1'-C18' 24.85(13) O3-K1-C7 76.21(16) 
N4'-K1'-C18' 58.05(14) O4-K1-C18 149.82(17) 
O1'-K1'-C7' 150.91(15) N2-K1-C18 77.04(14) 
N2'-K1'-C7' 24.74(13) N3-K1-C18 97.45(15) 
O3'-K1'-C7' 75.86(15) O4-K1-C9 82.44(16) 
O1'-K1'-C9' 144.98(16) N2-K1-C9 57.91(14) 
N2'-K1'-C9' 58.12(14) N3-K1-C9 24.07(14) 
O3'-K1'-C9' 118.42(16) C18-K1-C9 118.73(16) 
O4'-K1'-C16' 161.86(16) O2-K1-C8 113.33(17) 
N1'-K1'-C16' 57.91(14) O3-K1-C8 93.53(17) 
N4'-K1'-C16' 23.96(13) C7-K1-C8 25.22(16) 
C7'-K1'-C16' 118.64(15) C45-O1-C47 111.7(6) 
C47'-O1'-K1' 112.1(4) C48-O2-C46 113.4(6) 
C46'-O2'-K1' 117.5(5) O3-C49-C50 111.2(7) 
O4'-C50'-C49' 110.0(6) C49-C50-K1 87.5(4) 
C49'-O3'-K1' 110.3(4) C49-O3-K1 111.0(5) 
C51'-O4'-K1' 102.8(4) C50-O4-K1 110.9(4) 
N6-Dy1-N5 65.60(16) N7'-Dy1'-N8' 65.29(16) 
N7-Dy1-N8 65.28(16) N8'-Dy1'-N5' 72.83(17) 
N7-Dy1-N4 110.81(16) N8'-Dy1'-N4' 74.97(16) 
N6-Dy1-N3 111.45(16) N7'-Dy1'-N2' 111.16(15) 
N8-Dy1-N3 112.12(16) N4'-Dy1'-N2' 103.89(15) 
N7-Dy1-N2 111.38(15) N8'-Dy1'-N3' 112.52(16) 
N4-Dy1-N2 104.01(15) N2'-Dy1'-N3' 70.74(15) 
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N7-Dy1-N1 73.92(15) N8'-Dy1'-N1' 111.21(16) 
N4-Dy1-N1 71.22(16) N2'-Dy1'-N1' 64.02(15) 
N6-Dy1-K1 125.41(11) N7'-Dy1'-K1' 124.76(11) 
N8-Dy1-K1 128.04(11) N4'-Dy1'-K1' 53.15(11) 
N2-Dy1-K1 50.73(11) N1'-Dy1'-K1' 50.48(10) 
C18-N1-Dy1 133.1(4) C1'-N1'-Dy1' 100.0(3) 
C1-N1-K1 110.2(3) Dy1'-N1'-K1' 89.00(14) 
C7-N2-Dy1 133.6(4) C6'-N2'-Dy1' 100.5(3) 
C6-N2-K1 110.3(3) Dy1'-N2'-K1' 88.98(13) 
C9-N3-Dy1 134.0(4) C10'-N3'-Dy1' 99.2(3) 
C10-N3-K1 113.8(4) Dy1'-N3'-K1' 86.77(14) 
C16-N4-Dy1 133.3(4) C15'-N4'-Dy1' 99.2(3) 
C15-N4-K1 113.9(4) Dy1'-N4'-K1' 86.77(14) 
C40-N5-Dy1 134.9(4) C23'-N5'-Dy1' 101.4(3) 
C29-N6-Dy1 134.0(4) C28'-N6'-Dy1' 101.8(3) 
C31-N7-Dy1 132.8(4) C32'-N7'-Dy1' 102.7(3) 
C38-N8-Dy1 134.0(4) C37'-N8'-Dy1' 101.7(3) 
C2-C1-C6 119.2(5) N1'-C1'-C6' 115.6(5) 
C4-C3-C2 120.2(6) C3'-C4'-C5' 120.2(6) 
C5-C6-N2 125.1(5) C5'-C6'-N2' 126.0(5) 
N2-C7-C8 122.3(5) N2'-C7'-C19' 122.7(5) 
N2-C7-K1 69.0(3) C8'-C7'-K1' 81.7(3) 
C9-C8-C7 129.9(6) C9'-C8'-K1' 76.0(3) 
N3-C9-C8 122.1(6) N3'-C9'-C20' 123.4(6) 
N3-C9-K1 70.3(3) C8'-C9'-K1' 79.2(3) 
N3-C10-C11 126.8(6) C11'-C10'-C15' 120.1(6) 
C12-C11-C10 121.9(8) C13'-C12'-C11' 119.2(7) 
C15-C14-C13 118.5(8) C14'-C15'-N4' 126.8(6) 
N4-C15-C10 114.1(5) N4'-C16'-C17' 122.4(5) 
C17-C16-C21 114.2(6) N4'-C16'-K1' 70.4(3) 
C21-C16-K1 121.6(4) C16'-C17'-C18' 129.6(5) 
C16-C17-K1 76.7(3) N1'-C18'-C17' 121.6(5) 
C17-C18-C22 114.3(5) N1'-C18'-K1' 68.8(3) 
C22-C18-K1 118.2(4) C24'-C23'-N5' 125.6(6) 
N5-C23-C28 114.9(5) C25'-C24'-C23' 121.2(7) 
C27-C26-C25 120.3(6) C26'-C27'-C28' 121.0(7) 
C27-C28-C23 118.5(6) N6'-C28'-C23' 115.6(5) 
N6-C29-C41 122.1(6) C30'-C29'-C41' 115.7(6) 
N7-C31-C30 123.4(5) N7'-C31'-C42' 122.8(5) 
N7-C32-C37 117.1(5) C33'-C32'-C37' 119.9(6) 
C34-C33-C32 121.3(7) C35'-C34'-C33' 120.0(7) 
C35-C36-C37 121.2(7) N8'-C37'-C36' 125.3(6) 
C32-C37-N8 114.7(5) N8'-C38'-C39' 122.6(6) 
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C39-C38-C43 114.4(6) C40'-C39'-C38' 129.7(5) 
N5-C40-C44 122.8(6) C39'-C40'-C44' 114.7(6) 
O2-C46-C45 111.0(7) O4'-K1'-O1' 79.08(16) 
O1-K1-O2 59.46(18) O4'-K1'-N1' 139.64(15) 
O2-K1-N2 145.48(16) O4'-K1'-N2' 98.95(14) 
O2-K1-N1 124.51(15) N1'-K1'-N2' 52.77(13) 
O1-K1-O3 77.27(17) O2'-K1'-N3' 88.27(14) 
N1-K1-O3 88.28(14) O4'-K1'-N4' 156.58(17) 
O2-K1-N3 88.67(15) N1'-K1'-N4' 56.98(13) 
O3-K1-N3 133.92(15) O4'-K1'-O3' 57.73(16) 
O2-K1-N4 74.58(14) N1'-K1'-O3' 86.55(14) 
O3-K1-N4 145.08(15) N4'-K1'-O3' 143.33(14) 
O1-K1-C7 151.39(16) O2'-K1'-C18' 108.49(16) 
N1-K1-C7 77.34(14) N3'-K1'-C18' 98.14(13) 
N4-K1-C7 97.01(14) O4'-K1'-C7' 76.21(15) 
O2-K1-C18 107.43(16) N1'-K1'-C7' 77.29(14) 
O3-K1-C18 89.53(16) N4'-K1'-C7' 97.38(14) 
C7-K1-C18 101.20(16) O4'-K1'-C9' 84.78(17) 
O2-K1-C9 92.44(17) N1'-K1'-C9' 98.53(14) 
O3-K1-C9 118.26(17) N4'-K1'-C9' 74.92(15) 
C7-K1-C9 46.75(16) C7'-K1'-C9' 46.78(15) 
O1-K1-C8 149.61(16) O2'-K1'-C16' 67.74(15) 
N1-K1-C8 95.96(14) N3'-K1'-C16' 74.57(14) 
N4-K1-C8 93.29(15) C18'-K1'-C16' 47.01(15) 
C9-K1-C8 24.85(16) C47'-O1'-C45' 112.2(7) 
C47-O1-K1 113.4(5) C46'-O2'-C48' 111.1(6) 
C46-O2-K1 117.7(5) O3'-C49'-C50' 111.9(6) 
O4-C50-K1 46.9(3) C52'-O3'-K1' 133.3(4) 
C51-O3-K1 132.2(4) C50'-O4'-K1' 114.6(4) 
 
Table 5.5.9. Bond lengths for 5.4-Tb (Å). 
Tb1-N3  2.4557(13) C27-C28  1.396(2) 
Tb1-N6  2.4602(13) C30-C31  1.404(2) 
Tb1-N1  2.4663(14) C32-C37  1.426(2) 
N1-C1  1.410(2) C35-C36  1.384(3) 
N3-C9  1.327(2) C38-C43  1.512(2) 
N4-C15  1.406(2) K2-O7  2.7437(16) 
N6-C29  1.320(2) K2-O3  2.8421(15) 
N7-C32  1.411(2) K2-O6  2.8936(14) 
C1-C2  1.400(2) O1-C56  1.413(2) 
C3-C4  1.384(3) O2-C46  1.416(3) 
C7-C8  1.403(2) O4-C50  1.409(3) 
C9-C20  1.521(2) O5-C52  1.426(3) 
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C11-C12  1.388(3) O7-C57  1.418(3) 
C14-C15  1.402(2) O8-C58  1.424(3) 
C17-C18  1.408(3) C49-C50  1.486(4) 
C23-C28  1.428(2) C55-C56  1.486(3) 
C26-C27  1.384(2) Tb1-N8  2.4593(13) 
C29-C41  1.519(2) Tb1-N5  2.4658(13) 
C32-C33  1.397(2) N1-C18  1.316(2) 
C34-C35  1.385(3) N2-C6  1.409(2) 
C38-C39  1.406(2) N4-C16  1.323(2) 
C40-C44  1.518(2) N5-C23  1.405(2) 
K2-O4  2.8392(15) N7-C31  1.321(2) 
K2-O2  2.8656(15) N8-C37  1.406(2) 
K2-C57  3.449(2) C2-C3  1.384(3) 
O2-C47  1.414(3) C5-C6  1.402(2) 
O3-C49  1.423(3) C8-C9  1.404(3) 
O5-C53  1.425(3) C10-C15  1.434(3) 
O6-C55  1.427(3) C13-C14  1.382(3) 
O8-C60  1.422(3) C16-C21  1.522(2) 
C47-C48  1.489(3) C23-C24  1.402(2) 
C53-C54  1.473(4) C25-C26  1.386(3) 
Tb1-N4  2.4565(13) C29-C30  1.406(2) 
Tb1-N7  2.4623(13) C31-C42  1.522(2) 
Tb1-N2  2.4709(14) C33-C34  1.386(3) 
N2-C7  1.320(2) C36-C37  1.401(2) 
N3-C10  1.407(2) C39-C40  1.405(2) 
N5-C40  1.324(2) K2-O5  2.8197(15) 
N6-C28  1.408(2) K2-O1  2.8559(14) 
N8-C38  1.324(2) K2-O8  2.9598(15) 
C1-C6  1.419(3) O1-C45  1.424(3) 
C4-C5  1.388(3) O3-C48  1.417(3) 
C7-C19  1.519(3) O4-C51  1.431(3) 
C10-C11  1.399(2) O6-C54  1.409(3) 
C12-C13  1.388(3) O7-C59  1.427(3) 
C16-C17  1.402(3) C45-C46  1.484(4) 
C18-C22  1.518(3) C51-C52  1.477(4) 
C24-C25  1.389(2) C57-C58  1.500(3) 
 
Table 5.5.10. Bond angles for 5.4-Tb (°). 
N3-Tb1-N4 64.97(5) N6-C29-C41 121.99(15) 
N3-Tb1-N6 112.28(5) N7-C31-C30 122.42(15) 
N3-Tb1-N7 174.90(4) C33-C32-N7 125.19(15) 
N6-Tb1-N7 71.50(5) C34-C33-C32 121.31(17) 
N8-Tb1-N5 71.53(5) C35-C36-C37 121.46(17) 
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N3-Tb1-N1 105.62(5) N8-C37-C32 115.33(14) 
N6-Tb1-N1 110.57(5) C39-C38-C43 114.69(15) 
N3-Tb1-N2 71.97(5) N5-C40-C44 121.83(15) 
N6-Tb1-N2 75.10(5) O7-K2-O4 124.48(5) 
N1-Tb1-N2 64.41(5) O5-K2-O3 118.71(5) 
C1-N1-Tb1 101.66(10) O5-K2-O1 117.68(5) 
C6-N2-Tb1 101.65(10) O7-K2-O2 75.98(5) 
C10-N3-Tb1 100.30(10) O3-K2-O2 59.53(5) 
C15-N4-Tb1 100.57(10) O5-K2-O6 59.00(5) 
C23-N5-Tb1 101.13(9) O1-K2-O6 58.69(4) 
C28-N6-Tb1 100.90(9) O5-K2-O8 73.32(4) 
C32-N7-Tb1 100.63(10) O1-K2-O8 122.69(4) 
C37-N8-Tb1 100.83(9) O7-K2-C57 23.06(5) 
N1-C1-C6 115.55(14) O3-K2-C57 76.63(5) 
C3-C4-C5 119.91(17) O6-K2-C57 125.67(5) 
C5-C6-C1 118.88(15) C56-O1-K2 117.86(12) 
N2-C7-C19 121.50(16) C47-O2-K2 110.67(15) 
N3-C9-C8 122.75(15) C48-O3-K2 115.96(13) 
C11-C10-N3 125.63(16) C50-O4-K2 111.61(13) 
C12-C11-C10 121.49(18) C53-O5-K2 117.87(13) 
C13-C14-C15 121.52(19) C54-O6-K2 108.93(13) 
N4-C15-C10 115.45(14) C57-O7-K2 107.63(12) 
C17-C16-C21 114.52(16) C60-O8-K2 128.21(13) 
N1-C18-C22 121.81(18) O2-C46-C45 108.55(18) 
C24-C23-C28 118.60(15) O3-C49-C50 108.50(19) 
C26-C25-C24 119.92(16) O5-C52-C51 109.44(18) 
C27-C28-N6 125.60(15) O6-C55-C56 108.67(16) 
N6-C29-C30 122.58(15) O7-C57-K2 49.30(10) 
C31-C30-C29 129.27(16) N4-Tb1-N8 75.11(5) 
C30-C31-C42 115.31(15) N8-Tb1-N6 104.79(4) 
N7-C32-C37 115.48(14) N8-Tb1-N7 64.73(4) 
C36-C35-C34 119.87(17) N4-Tb1-N5 112.47(5) 
C36-C37-C32 118.46(15) N7-Tb1-N5 104.78(4) 
N8-C38-C43 122.34(15) N8-Tb1-N1 113.24(5) 
N5-C40-C39 122.88(15) N5-Tb1-N1 174.38(4) 
O7-K2-O5 128.59(5) N8-Tb1-N2 177.18(4) 
O7-K2-O3 87.12(5) N5-Tb1-N2 110.73(5) 
O7-K2-O1 76.87(4) C18-N1-Tb1 134.64(12) 
O3-K2-O1 118.15(5) C7-N2-Tb1 134.46(12) 
O4-K2-O2 111.63(5) C9-N3-Tb1 133.76(11) 
O7-K2-O6 112.15(5) C16-N4-Tb1 133.76(12) 
O3-K2-O6 157.28(5) C40-N5-Tb1 134.85(11) 
O7-K2-O8 59.49(4) C29-N6-Tb1 135.26(11) 
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O3-K2-O8 96.13(5) C31-N7-Tb1 135.43(11) 
O6-K2-O8 103.92(4) C38-N8-Tb1 134.76(11) 
O4-K2-C57 101.99(5) C2-C1-C6 118.81(16) 
O2-K2-C57 88.46(5) C4-C3-C2 120.09(17) 
C56-O1-C45 111.90(17) C5-C6-N2 125.22(16) 
C47-O2-C46 111.45(17) N2-C7-C8 123.09(16) 
C48-O3-C49 111.66(18) C7-C8-C9 129.22(16) 
C50-O4-C51 112.31(19) C8-C9-C20 114.58(15) 
C53-O5-C52 112.39(19) N3-C10-C15 115.22(14) 
C54-O6-C55 112.87(17) C14-C13-C12 120.18(18) 
C57-O7-C59 113.28(18) C14-C15-C10 118.37(16) 
C60-O8-C58 111.51(17) N4-C16-C21 122.40(17) 
O1-C45-C46 109.32(17) N1-C18-C17 122.99(16) 
O3-C48-C47 108.7(2) C24-C23-N5 125.56(15) 
O4-C51-C52 109.38(18) C25-C24-C23 121.26(17) 
O6-C54-C53 108.7(2) C26-C27-C28 121.71(17) 
O7-C57-C58 113.63(19) N6-C28-C23 115.36(14) 
O8-C58-C57 108.35(18) C30-C29-C41 115.28(15) 
N3-Tb1-N8 110.50(5) N7-C31-C42 122.09(16) 
N4-Tb1-N6 176.73(4) C33-C32-C37 118.83(15) 
N4-Tb1-N7 111.14(5) C35-C34-C33 120.03(17) 
N3-Tb1-N5 74.58(5) C36-C37-N8 125.72(15) 
N6-Tb1-N5 64.62(4) N8-C38-C39 122.77(15) 
N4-Tb1-N1 72.26(5) C40-C39-C38 128.79(16) 
N7-Tb1-N1 75.52(5) C39-C40-C44 115.12(15) 
N4-Tb1-N2 105.16(5) O5-K2-O4 60.55(5) 
N7-Tb1-N2 112.75(5) O4-K2-O3 58.17(5) 
C18-N1-C1 123.69(15) O4-K2-O1 155.76(4) 
C7-N2-C6 123.80(15) O5-K2-O2 155.13(5) 
C9-N3-C10 124.97(14) O1-K2-O2 58.65(4) 
C16-N4-C15 124.98(15) O4-K2-O6 114.25(5) 
C40-N5-C23 123.78(14) O2-K2-O6 111.97(5) 
C29-N6-C28 123.61(14) O4-K2-O8 80.99(4) 
C31-N7-C32 123.76(14) O2-K2-O8 130.74(5) 
C38-N8-C37 123.87(14) O5-K2-C57 115.89(5) 
C2-C1-N1 125.21(16) O1-K2-C57 99.92(5) 
C3-C2-C1 121.21(18) O8-K2-C57 42.58(5) 
C4-C5-C6 121.07(18) C45-O1-K2 117.71(12) 
N2-C6-C1 115.41(14) C46-O2-K2 111.47(12) 
C8-C7-C19 115.26(16) C49-O3-K2 118.82(14) 
N3-C9-C20 122.57(16) C51-O4-K2 111.34(13) 
C11-C10-C15 118.65(16) C52-O5-K2 114.81(14) 
C11-C12-C13 119.74(18) C55-O6-K2 109.62(11) 
323 
C14-C15-N4 125.69(16) C59-O7-K2 122.53(13) 
N4-C16-C17 122.94(16) C58-O8-K2 115.17(12) 
C16-C17-C18 129.26(16) O2-C47-C48 108.68(19) 
C17-C18-C22 115.09(17) O4-C50-C49 108.00(18) 
N5-C23-C28 115.35(14) O5-C53-C54 109.49(19) 
C27-C26-C25 119.84(16) O1-C56-C55 107.86(17) 
C27-C28-C23 118.63(15) C58-C57-K2 91.28(13) 
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Table 5.5.11. Crystallographic data for compound 5.4-Dy. 
 5.4-Dy 
Empirical formula C60H78N8O8KDy 
Formula weight 1240.90 
Temperature (K) 143(1) 
Wavelength (Å) 0.71073 
Crystal system monoclinic 
Space group P21/m      
Cell constants  
a (Å) 11.5601(9) 
b (Å) 17.6684(14) 
c (Å) 14.8072(12) 
β (o) 105.726(4) 
Volume (Å
3
) 2911.1(4) 
Z 2 
Density (calculated) (Mg/m
3
) 1.416 
Absorption coefficient (mm
-1
) 1.416 
F(000) 1286 
Crystal size (mm
3
) 0.24 × 0.04 × 0.03 
Theta range for data collection
 
1.83 to 27.64° 
Index ranges -14 ≤ h ≤ 15, -22 ≤ k ≤ 22, -19 ≤ l ≤ 19 
Reflections collected 63950 
Independent collections 6921 [R(int) = 0.0321] 
Completeness to theta = 27.49
o
 99.0% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.6436 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 6921 / 36 / 470 
Goodness-of-fit on F
2
 1.031 
Final R indicies [I>2sigma(I)] R1 = 0.0175, wR2 = 0.0427 
R indices (all data) R1 = 0.0214, wR2 = 0.0442 
Largest diff. peak and hole (e.Å
3
) 0.467 and -0.286 
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Table 5.5.12. Bond lengths for 5.4-Dy (Å). 
Dy1-N4#1  2.4423(12) O1-C24  1.421(4) 
Dy1-N1#1  2.4503(11) O1-K1#2  3.102(2) 
Dy1-N3#1  2.4581(12) O2-K1#2  2.947(3) 
N1-C1  1.4097(18) O3-C38#2  1.257(15) 
N3-C13  1.317(2) O3-C28  1.439(12) 
N4-C16  1.4079(19) C29-O4  1.423(6) 
C2-C3  1.379(2) O4-C30  1.416(5) 
C5-C6  1.402(2) C30-C31  1.492(8) 
C8-C7#1  1.4017(17) O5-O6#2  1.071(4) 
C10-C9#1  1.4018(17) O5-K1#2  3.177(3) 
C14-C15  1.402(2) O6-C32#2  1.046(5) 
C16-C16#1  1.432(3) O6-C33#2  1.819(5) 
C19-C20  1.400(2) C35-O7  1.416(5) 
C21-C21#1  1.382(4) O7-C30#2  1.640(5) 
K1-O8#2  2.568(3) C37-O8  1.398(12) 
K1-O6  2.819(3) O8-C38  1.405(14) 
K1-O8  2.859(3) C38-C39  1.464(8) 
K1-O2#2  2.947(3) Dy1-N1  2.4503(11) 
O1-O1#2  1.471(5) Dy1-N2#1  2.4534(12) 
O2-C25  1.419(4) N1-C9  1.3182(18) 
O3-O8#2  0.789(3) N2-C6  1.4041(18) 
O3-C39  1.403(14) N4-C15  1.325(2) 
C28-C29  1.479(12) C1-C6  1.423(2) 
O4-C36#2  1.210(5) C4-C5  1.381(2) 
O4-K1#2  3.428(3) C7-C11  1.514(2) 
O5-C34#2  0.835(7) C9-C12  1.521(2) 
O5-C33#2  1.861(6) C13-C22  1.523(2) 
C33-O6  1.417(5) C16-C17  1.400(2) 
O6-C34  1.411(6) C18-C18#1  1.383(4) 
C34-C35  1.477(8) C20-C21  1.387(2) 
O7-C36  1.417(5) K1-O7#2  2.297(3) 
C36-C37  1.493(12) K1-O2  2.744(3) 
O8-C39#2  1.390(16) K1-O4  2.839(3) 
O8-K1#2  2.568(3) K1-O7  2.895(3) 
Dy1-N4  2.4423(12) O1-C26  1.442(3) 
Dy1-N2  2.4534(12) O2-C27  1.403(3) 
Dy1-N3  2.4581(12) C24-C25  1.501(6) 
N2-C7  1.3273(18) O3-C37#2  1.339(13) 
N3-C19  1.4107(19) O3-K1#2  3.145(3) 
C1-C2  1.398(2) O4-O7#2  0.659(3) 
C3-C4  1.389(3) O4-C35#2  1.757(6) 
C7-C8  1.4017(17) C31-O5  1.402(6) 
C9-C10  1.4018(17) O5-C32  1.425(6) 
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C13-C14  1.403(2) C32-C33  1.504(8) 
C15-C23  1.521(2) O6-O5#2  1.071(4) 
C17-C18  1.384(2) O6-K1#2  2.594(3) 
C19-C19#1  1.415(3) O7-O4#2  0.659(3) 
K1-K1#2  0.6062(11) O7-K1#2  2.297(3) 
K1-O6#2  2.594(3) O8-O3#2  0.789(3) 
K1-O5  2.829(3) O8-C28#2  1.605(11) 
K1-O3  2.864(3)     
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+1/2,z    #2 x,-y+3/2,z      
 
Table 5.5.13. Bond angles for 5.4-Dy (°). 
N4#1-Dy1-N4 65.27(6) C26-O1-K1#2 118.64(15) 
N4#1-Dy1-N1#1 111.37(4) C27-O2-C25 113.1(3) 
N4#1-Dy1-N2 111.22(4) C27-O2-K1#2 111.76(16) 
N1#1-Dy1-N2 105.26(4) O1-C24-C25 108.6(3) 
N1-Dy1-N2#1 105.26(4) C24-C25-K1 90.9(2) 
N4#1-Dy1-N3#1 72.52(4) C38#2-O3-C37#2 130.4(8) 
N1#1-Dy1-N3#1 74.74(4) C37#2-O3-C39 117.9(7) 
N4#1-Dy1-N3 106.02(4) C37#2-O3-C28 15.8(6) 
N1#1-Dy1-N3 111.34(4) C38#2-O3-K1 114.5(7) 
N3#1-Dy1-N3 64.61(6) C28-O3-K1 110.4(4) 
C1-N1-Dy1 100.97(8) C37#2-O3-K1#2 104.8(4) 
C6-N2-Dy1 101.21(8) K1-O3-K1#2 10.27(2) 
C19-N3-Dy1 101.93(9) O7#2-O4-C36#2 93.9(6) 
C16-N4-Dy1 100.77(8) O7#2-O4-C29 145.8(7) 
N1-C1-C6 115.39(12) O7#2-O4-C35#2 49.2(5) 
C5-C4-C3 120.02(15) C29-O4-C35#2 164.0(3) 
C5-C6-C1 118.30(14) C30-O4-K1 118.8(3) 
N2-C7-C11 121.84(14) O7#2-O4-K1#2 32.6(5) 
N1-C9-C10 122.53(14) C29-O4-K1#2 114.1(3) 
C9#1-C10-C9 129.41(19) O4-C30-C31 108.5(3) 
C14-C13-C22 115.40(15) C34#2-O5-C31 27.1(5) 
N4-C15-C23 122.50(15) O6#2-O5-C32 47.0(2) 
C17-C16-C16#1 118.45(10) O6#2-O5-C33#2 49.2(2) 
C18#1-C18-C17 119.95(11) C34#2-O5-K1 115.5(5) 
N3-C19-C19#1 115.43(8) C32-O5-K1 111.7(3) 
K1#2-K1-O7#2 169.40(9) O6#2-O5-K1#2 61.1(2) 
K1#2-K1-O6#2 105.75(7) C33#2-O5-K1#2 89.03(18) 
K1#2-K1-O2 103.70(6) O6-C33-C32 108.4(3) 
O6#2-K1-O2 119.49(8) O5#2-O6-C34 36.2(3) 
O8#2-K1-O6 169.77(9) C34-O6-C33 111.3(4) 
K1#2-K1-O5 120.22(7) C34-O6-C33#2 129.0(4) 
O6#2-K1-O5 22.25(8) O5#2-O6-K1#2 91.3(2) 
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K1#2-K1-O4 164.93(8) C33#2-O6-K1#2 110.62(18) 
O6#2-K1-O4 76.87(10) C34-O6-K1 117.7(3) 
O5-K1-O4 58.22(10) K1#2-O6-K1 11.94(2) 
O8#2-K1-O8 56.92(11) O4#2-O7-C35 110.2(6) 
O6-K1-O8 117.50(8) O4#2-O7-C30#2 58.9(5) 
K1#2-K1-O3 112.34(6) O4#2-O7-K1#2 141.0(6) 
O6#2-K1-O3 133.77(9) C30#2-O7-K1#2 142.6(3) 
O5-K1-O3 111.83(9) C36-O7-K1 110.2(2) 
K1#2-K1-O7 8.39(7) O7-C36-C37 107.9(4) 
O6#2-K1-O7 102.08(10) O3#2-O8-C37 69.2(5) 
O5-K1-O7 114.29(10) C39#2-O8-C38 14.5(10) 
O3-K1-O7 111.83(9) C39#2-O8-C28#2 102.0(7) 
O8#2-K1-O2#2 78.02(8) O3#2-O8-K1#2 104.0(3) 
O6-K1-O2#2 106.18(8) C38-O8-K1#2 125.5(6) 
O8-K1-O2#2 54.97(8) C39#2-O8-K1 122.7(6) 
C24-O1-C26 111.7(2) C28#2-O8-K1 129.2(4) 
C24-O1-K1 115.2(2) O3-C39-C38 106.4(14) 
C24-O1-K1#2 118.6(2) N4-Dy1-N1 111.37(4) 
K1-O1-K1#2 11.14(2) N1-Dy1-N1#1 71.84(5) 
C25-O2-K1 107.7(2) N1-Dy1-N2 64.85(4) 
K1-O2-K1#2 11.53(2) N4-Dy1-N2#1 111.22(4) 
O2-C25-K1 49.26(15) N2-Dy1-N2#1 71.82(6) 
O8#2-O3-C37#2 77.4(5) N1-Dy1-N3#1 111.34(4) 
C38#2-O3-C39 13.9(11) N2#1-Dy1-N3#1 111.73(4) 
C38#2-O3-C28 120.7(8) N1-Dy1-N3 74.74(4) 
O8#2-O3-K1 60.5(3) N2#1-Dy1-N3 175.68(4) 
C39-O3-K1 114.2(6) C9-N1-Dy1 135.17(10) 
C38#2-O3-K1#2 105.4(7) C7-N2-Dy1 134.63(10) 
C28-O3-K1#2 120.5(4) C13-N3-Dy1 134.32(10) 
O4-C29-C28 109.1(5) C15-N4-Dy1 133.70(10) 
C36#2-O4-C30 141.0(4) C2-C1-C6 119.03(14) 
C30-O4-C29 112.0(3) C2-C3-C4 119.85(16) 
C30-O4-C35#2 59.6(3) C5-C6-N2 125.83(14) 
C36#2-O4-K1 88.6(2) N2-C7-C8 122.87(14) 
C35#2-O4-K1 79.69(18) C7#1-C8-C7 128.92(19) 
C30-O4-K1#2 118.6(3) C10-C9-C12 115.23(14) 
K1-O4-K1#2 2.634(15) N3-C13-C22 121.45(15) 
C34#2-O5-O6#2 94.6(5) N4-C15-C14 122.75(14) 
C34#2-O5-C32 86.4(5) C17-C16-N4 125.76(15) 
C34#2-O5-C33#2 114.4(5) C18-C17-C16 121.58(16) 
C32-O5-C33#2 28.0(2) C20-C19-C19#1 118.97(10) 
C31-O5-K1 111.9(3) C21#1-C21-C20 120.08(10) 
C34#2-O5-K1#2 122.3(5) O7#2-K1-O8#2 70.28(11) 
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C32-O5-K1#2 104.3(3) O8#2-K1-O6#2 140.22(9) 
O5-C32-C33 109.1(3) O8#2-K1-O2 60.50(9) 
C32#2-O6-C34 80.2(4) O7#2-K1-O6 112.83(11) 
O5#2-O6-C33 95.8(3) O2-K1-O6 128.47(8) 
O5#2-O6-C33#2 108.5(3) O8#2-K1-O5 120.35(9) 
C32#2-O6-K1#2 162.9(4) O6-K1-O5 60.53(9) 
C33-O6-K1#2 125.2(3) O8#2-K1-O4 63.35(10) 
O5#2-O6-K1 99.5(2) O6-K1-O4 118.74(10) 
C33#2-O6-K1 99.60(18) O7#2-K1-O8 126.19(10) 
O7-C35-C34 108.0(4) O2-K1-O8 76.87(8) 
C35-O7-C36 112.8(3) O4-K1-O8 118.35(10) 
C36-O7-C30#2 108.1(3) O8#2-K1-O3 15.51(7) 
C36-O7-K1#2 108.6(2) O6-K1-O3 155.22(9) 
C35-O7-K1 109.0(2) O8-K1-O3 58.65(7) 
K1#2-O7-K1 2.207(19) O8#2-K1-O7 114.75(9) 
O3#2-O8-C39#2 74.5(7) O6-K1-O7 59.05(9) 
O3#2-O8-C38 62.7(6) O8-K1-O7 58.45(9) 
O3#2-O8-C28#2 63.5(6) O7#2-K1-O2#2 125.59(11) 
C38-O8-C28#2 102.1(7) O2-K1-O2#2 38.93(11) 
C37-O8-K1#2 106.8(4) O4-K1-O2#2 125.39(9) 
O3#2-O8-K1 104.0(3) O7-K1-O2#2 73.00(9) 
C38-O8-K1 115.2(6) C26-O1-O1#2 59.32(12) 
O8-C38-C39 115.5(16) O1#2-O1-K1 81.58(5) 
N4#1-Dy1-N1 175.76(4) O1#2-O1-K1#2 70.44(5) 
N4-Dy1-N1#1 175.76(4) C27-O2-K1 123.24(17) 
N4-Dy1-N2 74.30(4) C25-O2-K1#2 114.7(2) 
N4#1-Dy1-N2#1 74.30(4) O2-C25-C24 113.2(3) 
N1#1-Dy1-N2#1 64.85(4) O8#2-O3-C38#2 83.4(7) 
N4-Dy1-N3#1 106.02(4) O8#2-O3-C39 72.7(7) 
N2-Dy1-N3#1 175.68(4) O8#2-O3-C28 87.0(6) 
N4-Dy1-N3 72.52(4) C39-O3-C28 110.3(7) 
N2-Dy1-N3 111.73(4) C37#2-O3-K1 94.7(4) 
C9-N1-C1 123.70(12) O8#2-O3-K1#2 61.9(3) 
C7-N2-C6 123.81(12) C39-O3-K1#2 106.7(6) 
C13-N3-C19 123.72(13) O3-C28-C29 107.9(7) 
C15-N4-C16 124.79(13) O7#2-O4-C30 97.6(6) 
C2-C1-N1 125.17(14) C36#2-O4-C29 73.9(3) 
C3-C2-C1 121.36(16) C36#2-O4-C35#2 103.9(4) 
C4-C5-C6 121.41(16) O7#2-O4-K1 30.6(5) 
N2-C6-C1 115.38(12) C29-O4-K1 115.7(3) 
C8-C7-C11 115.08(14) C36#2-O4-K1#2 90.0(2) 
N1-C9-C12 122.07(14) C35#2-O4-K1#2 81.48(18) 
N3-C13-C14 123.01(14) O5-C31-C30 108.1(4) 
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C15-C14-C13 129.43(15) O6#2-O5-C31 118.8(4) 
C14-C15-C23 114.62(14) C31-O5-C32 111.7(4) 
N4-C16-C16#1 115.29(8) C31-O5-C33#2 138.9(4) 
C20-C19-N3 125.14(15) O6#2-O5-K1 66.4(2) 
C21-C20-C19 120.93(16) C33#2-O5-K1 98.20(19) 
K1#2-K1-O8#2 112.82(6) C31-O5-K1#2 121.1(3) 
O7#2-K1-O6#2 70.03(11) K1-O5-K1#2 9.49(2) 
O7#2-K1-O2 86.69(11) C32#2-O6-O5#2 84.6(4) 
K1#2-K1-O6 62.31(6) C32#2-O6-C33 39.4(3) 
O6#2-K1-O6 43.44(13) C32#2-O6-C33#2 55.8(4) 
O7#2-K1-O5 52.84(11) C33-O6-C33#2 18.1(3) 
O2-K1-O5 124.63(8) C34-O6-K1#2 106.0(3) 
O7#2-K1-O4 8.41(13) C32#2-O6-K1 154.6(4) 
O2-K1-O4 87.20(9) C33-O6-K1 115.2(3) 
K1#2-K1-O8 55.91(6) O6-C34-C35 110.1(4) 
O6#2-K1-O8 159.58(9) O4#2-O7-C36 58.5(5) 
O5-K1-O8 155.72(9) C35-O7-C30#2 62.8(3) 
O7#2-K1-O3 67.74(10) C35-O7-K1#2 108.7(2) 
O2-K1-O3 75.97(9) O4#2-O7-K1 140.4(6) 
O4-K1-O3 59.73(10) C30#2-O7-K1 140.6(2) 
O7#2-K1-O7 161.01(16) O8-C37-C36 108.5(5) 
O2-K1-O7 111.92(9) C39#2-O8-C37 114.9(7) 
O4-K1-O7 157.44(8) C37-O8-C38 114.5(7) 
K1#2-K1-O2#2 64.77(5) C37-O8-C28#2 12.8(7) 
O6#2-K1-O2#2 129.34(8) C39#2-O8-K1#2 133.8(6) 
O5-K1-O2#2 148.72(8) C28#2-O8-K1#2 118.8(4) 
O3-K1-O2#2 91.15(8) C37-O8-K1 117.6(4) 
C24-O1-O1#2 112.20(19) K1#2-O8-K1 11.27(2) 
C26-O1-K1 127.44(16)     
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+1/2,z    #2 x,-y+3/2,z      
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5.6 Spectroscopic data 
 
Figure 5.6.1. 
1
H NMR of 5.3-Tb (top) and 5.4-Tb (bottom) in THF-d8. 
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Figure 5.6.2. 
1
H NMR of 5.3-Dy (top) and 5.4-Dy (bottom) in THF-d8. 
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Figure 5.6.3. 
1
H NMR of 5.3-Er (top) and 5.4-Er (bottom) in THF-d8. 
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Figure 5.6.4. 
1
H NMR of 5.3-Y in THF-d8. 
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Chapter 6: 
Conclusions and future directions 
 
6.1 Restatement of research objectives 
In this research, we considered new synthetic routes to cerium(IV) coordination 
compounds that allowed us to gain access to new and various ligand environments about 
the metal cation. We expected to find that reduction potentials and charge transfer 
transitions would be sensitive to the ligand field, and we used spectroscopic and 
electrochemical techniques to characterize this variability. We also explored properties of 
rare earth complexes in the of bis(tetraazaannulene) ligand framework. We considered 
the mechanisms of cerium(III/IV) redox reactions and the magnetic properties of late 
lanthanide coordination complexes in this macrocyclic ligand framework.  
 
6.2 Discussion of results and future directions 
6.2.1 Synthetic strategies for accessing cerium(IV) coordination compounds 
As described in the previous chapters, synthesis of tetravalent cerium 
coordination compounds was accomplished by several routes. While chemical oxidation 
of cerium(III) precursors to cerium(IV) products is frequently hampered by ligand 
reorganization, we found that pre-organization of the ligands about the metal center 
saturated the coordination sphere and resulted in clean conversion to cerium(IV) products 
following outer-sphere oxidation reactions. This was the case in the isolation of 
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Ce[N(SiHMe2]4 from oxidation of K[Ce[N(SiHMe2]4] with Ph3CCl and in the isolation of 
Ce(omtaa)2 from oxidation of  Ce(Homtaa)(omtaa) in the presence of ambient 
atmosphere or TEMPO. We also successfully isolated the cerium(IV) coordination 
compound CeF[N(SiMe3)2]3 by oxidation  of Ce[N(SiMe3)2]3 concomitant with fluoride 
abstraction from PF6
–
  or BF4
–
 anions. 
 In a single example, metathesis was used in the isolation of the cerium(IV) 
compound Ce(NCS)[N(SiMe3)2]3 from CeCl[N(SiMe3)2]3. Protonolysis was used more 
broadly to access new cerium(IV) coordination compounds. Ce(OAr)4 (Ar = 2,6-Ph2-
C6H4) and Ce(O
t
Bu)4(py)2, were isolated directly from protonolysis of the silylamide 
precursor Ce[N(SiHMe2)4] with substituted phenol and alcohol substrates.  
Bis(trimethylsilyl)amide ligands were also shown to undergo protonolysis with 
alcohols; CeCl[N(SiMe3)2]3 reacted with tert-butanol, resulting in formation of the 
dimeric compound, [Ce(O
t
Bu)3(μ-Cl)]2. In contrast to this rationally isolated protonolysis 
product, protonolysis of CeF[N(SiMe3)2]3 with tert-butanol resulted in ligand 
redistribution and isolation of Ce(O
t
Bu)4(py)2. Computational studies of the precursor 
complexes indicated a higher degree of ionicity in the Ce–F bond compared to the Ce–Cl 
bond. The highly ionic Ce–F bond indicated that the fluoride ligand was more labile than 
the Ce–Cl bond and thus was more susceptible to ligand redistribution.1 Exploration of 
less ionic metal ligand bonding interactions may lead to reaction routes to cerium(IV) 
complexes that avoid ligand redistribution.  
 A novel route that was utilized in order to isolate cerium(IV) coordination 
compounds was halide exchange using trimethylsilylhalide reagents. This reaction route 
was previously used to functionalize metal fluoride precursors of titanium(IV) and 
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uranium(IV).
2,3
 In particular, reaction of Me3Si–X (X = Cl
–
, Br
–
, I
–
, N3
–
) with 
CeF[N(SiMe3)2]3 resulted in formation if Me3Si–F and the cerium(IV) product of interest. 
While halogen exchange reactions were explored in this work only for a cerium(IV) 
fluoride starting material, cerium(IV) chloride complexes may also prove to be useful 
starting materials for halogen exchange reactions.
4
 Considering the breadth of ancillary 
ligand environments that have been used to synthesize cerium(IV) chloride complexes,
5-9
 
this reaction route could provide access to functionalized cerium(IV) compounds with a 
variety of ancillary ligands. 
6.2.2 Tunability of reduction potentials  
 Electrochemical analysis of cerium(IV) complexes was used to describe the 
stability of the ion in the cerium(IV) oxidation state. By considering compounds in 
related ligand environments, effective comparisons of ligand architectures were made. In 
Chapter 2, the electrochemistry of complexes in homoleptic ligand fields was considered. 
Each complex that was evaluated was mononuclear and contained four anionic ligands. 
From this analysis, the tert-butoxide ligand was shown to offer the most thermodynamic 
stability to high valent cerium, compared to the bis(dimethylsilyl)amide ligand and the 
2,6-diphenylphenoxide ligand. Interestingly, this study contextualized the previous 
descriptions of high valent cerium as oxophilic by highlighting the dramatic difference in 
stabilization of the cerium(IV) ion in the presence of alkoxide and aryloxide ligand 
fields.
10
   
 A second family of complexes examined in this context was the halide and 
pseudohalide complexes described in Chapter 3. By comparing complexes in the 
conserved tris(bis(trimethylsilyl)amide) ligand field, the implications of the coordinated 
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fluoride, chloride, bromide, and isothiocyanate ligands were evaluated and compared to 
the parent complex Ce[N(SiMe3)2]3. This analysis showed a comparable degree of 
stabilization by the chloride, bromide, and isothiocyanate ligands and a more dramatic 
stabilization by the fluoride ligand. To date, CeF[N(SiMe3)2]3 is the only reported 
molecular cerium(IV) fluoride compound. The increased stability of cerium(IV) imparted 
by coordination of the fluoride ligand compared to the chloride ligand offers encouraging 
evidence that other cerium(IV) fluoride compounds are thermodynamically accessible in 
a variety of ancillary ligand environments.  
 Electrochemical analysis of the cerium ion in the bis(octamethyltetraazaannulene) 
ligand environment, described in Chapter 4, showed that this ligand is strongly donating 
to the cerium center. In fact, an electrochemically reversible system with a more 
stabilized cerium(IV) center was only recently characterized in a homoleptic nitroxide 
complex.
11
  
This work provides a basis by which to pursue rational design of cerium(IV) 
complexes with tuned reduction potentials and a starting point to compare the reduction 
potentials of cerium(IV) complexes in amide, alkoxide, aryloxide, halide, and 
pseudohalide ligand fields to cerium(IV) complexes of ligand types not studied here. 
6.2.3 Variability of charge transfer transitions 
 While previous studies have noted that cerium(IV) coordination complexes 
frequently give rise to broad absorption bands in the visible region of the spectrum,
11-20
 
the results presented in Chapters 2 and 3 represent an effort to understand the effect of 
ligand environments on the variability of these transitions. Previously characterized 
cerium(IV) aryloxide compounds showed LMCT absorption maxima at energies of 
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19,100–23,000 cm-1.12-15 The LMCT transitions in cerium(IV) alkoxides have not been 
previously characterized, although cerium(IV) alkoxides have been observed to appear 
yellow.
21
 The LMCT transitions characterized for the homoleptic aryloxide compound 
isolated in Chapter 2 (16,025–27,322 cm-1) covered a broad range of the visible spectrum, 
but were generally consistent with LMCT energies in previously characterized 
complexes. The higher energy LMCT transition of Ce(O
t
Bu)4(py)2 (32,787 cm
-1
) was 
clearly quite different than those observed for aryloxide species despite both originating 
from O-atom donors. As was observed electrochemically, the identity of the substitution 
at the oxygen atom was important to the properties of the complexes. The LMCT 
transitions in the amide complex were observed at 29,155 and 22,727 cm
-1
. This was 
consistent with previous reports of cerium(IV) amido complexes as dark red and dark 
purple in appearance.
5,6,22
 
 In Chapter 3, we studied the spectroscopic effects of halide and pseudohalide 
interactions with the metal center in complexes of the form CeX[N(SiMe3)2]3 (X = F
–
, Cl
–
, Br
–
, I
–
, NCS
–
). The LMCT bands observed in the visible region were attributed to 
silylamide to cerium donation due to their similarities with the homoleptic silylamide 
complex Ce[N(SiHMe2)2]4 characterized in Chapter 2. While the origin of the LMCT 
transitions arose from silylamide to cerium donation, the identity of the halide or 
pseudohalide ligand did have a pronounced effect on the absorption features, with 
observed variations of ~2000 cm
-1
. This observation described the use of anionic ligands 
to fine-tune the LMCT transitions that arose from ancillary ligand to metal donation and 
indicated that judicial choice of ligand environments can be used to tune the absorption 
maxima throughout the visible portion of the spectra. 
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 The variability of LMCT transition energies in the complexes described here 
indicated that cerium(IV) coordination complexes can be designed with absorption 
energies that span the visible spectral region. In this work, we studied complexes that 
showed absorption in the visible region of the spectrum from a single ligand type. In 
addition to expanding characterization of LMCT transitions to cerium(IV) complexes 
with other types of ligands, isolation of complexes with mixed ligand environments may 
give rise to complexes with broadband absorption that spans the visible portion of the 
spectrum.  
6.2.4 Properties of lanthanide tetraazaannulides 
The dianionic nature of the tetraazannulene ligands octamethyltetraazaannulene 
(omtaa
2–
) and tetramethyltetraazannulene (tmtaa
2–
) allowed us to use a charge balance 
equivalent (H
+
 or K
+
) to control the chemistry of sandwich complexes of trivalent 
lanthanide metals. The charge balance equivalent in Ce(Homtaa)(omtaa), H
+
, was reduced 
and transferred to the organic radical TEMPO in the formal hydrogen atom transfer 
reaction described in Chapter 4. Additionally, the small size of H
+
 facilitated crystal 
packing of Ce(Homtaa)(omtaa) that was quite similar to the solid state structure of the 
oxidized compound Ce(omtaa)2, resulting in a single crystal to single crystal 
transformation during the solid state oxidation reaction. 
In the late lanthanide complexes described in Chapter 5, the charge balance 
equivalent was K
+
. The coordination sphere of this ion was satisfied by interaction with 
the tmtaa
2–
 ligands, coordination of two equiv dimethoxyethane (DME) or 
tetrahydrofuran (THF), or coordination of 1 equiv each of 18-crown-6 and DME. Control 
of the K
+
 coordination environment resulted in variation of the symmetry of the 
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[Ln(tmtaa)2]
–
 fragment, and complexes with C2v or D2d  symmetry were isolated in this 
way. Control of the properties of trivalent lanthanides through coordination of alkali 
metals in the secondary coordination sphere has been recently explored by other members 
of this research group in complexes containing aryloxide ligands.
13,15,23
 
Characterization of sandwich complexes of lanthanide ions in the omtaa
2–
 and 
tmtaa
2–
 ligands provided useful comparisons to previously reported complexes in 
phthalocyanine and porphyrin ligand architectures. The formally tetravalent oxidation 
state of the cerium ion is dramatically stabilized in the omtaa
2–
 ligand framework 
compared to cerium complexes of phthalocyanine and porphyrin ligands. 
 Magnetic analysis of terbium(III), dysprosium(III), holmium(IIII), and erbium(III) 
complexes of the tmtaa
2–
 ligand showed that despite the comparatively low symmetry of 
the complexes, some of the complexes exhibited barriers to paramagnetic relaxation at 
low temperature. The dysprosium(III) containing complexes of the tmtaa
2–
 ligand were 
directly compared to the phthalocyanine complex, [Dy(Pc)2]
–
, which was included in the 
seminal report of mononuclear lanthanide complexes that demonstrate slow paramagnetic 
relaxation.
24
 Comparison of the relaxation behavior of these complexes showed that 
metal ions in lower symmetry environments demonstrated lower barriers to thermally 
activated relaxation pathways. The structure-function relationship demonstrated in this 
work has contributed to the field of single ion magnetism as it continues to finesse its 
understanding of the requirements for single ion magnetic behavior.  
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6.3 Conclusions 
The insights gained from this work include synthetic strategies that can be used to 
isolate cerium(IV) complexes in diverse ligand environments. The physical properties of 
cerium(IV) complexes evaluated here were observed to be highly variable according to 
the identity of the ligand environment. These observations will allow ligands to be 
purposefully chosen in order to access cerium(IV) compounds with reduction potentials 
and LMCT transition energies of interest. Furthermore, studies on the chemistry of 
cerium(III/IV) and late lanthanide(III) ions in tetraazaannulene ligand environments serve 
as examples of how the secondary coordination environment can be used to control the 
properties of molecular lanthanide compounds. 
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